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(57) Abstract: A folded Sagnac fiber optic acousUc sensor array (1200) operates in a manner similar to a Sagnac Interferometer but 
uses a common delay path to reduce distributed pickup in downlead fibers. The fiber optic acoustic sensor (716) is used to detect 
acoustic waves in water. By basing the folded Sagnac sensor array on the operating principles similar to the Sagnac interferometer 
rather than basing the array on a Maeh-Zehnder interferometer, the sensor array has a stable bias poini, has reduced phase noise and 
allows a broadband signal source to be used rather than requiring a more expensive narrowline laser. A large number of acoustic 
sensors C/18(N)) can be multiplexed into the architecture of the folded Sagnac fiberoptic acoustic array. 
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FOLDED SAGNAC SENSOR ARRAY 



Background of the invention 

Reld of the Invention 

The pr^nt Invention is in the field of fitter optic acoustic sensor asT^ys wherein fight is propagated in the 
arrays and tfte effiects of acoustic s^nais on the light returning from the arra^ are analyzed to detenrtine the 
characteristics of the acoustic signals. 

Description of the Related Art 

Fiber optic based acoustic sensors are proniising alternatives to conventional electronic sensors. Included 
among their advantages are a high sensitivity, large dynamic range, light weight, and compact size. The ability to 
easily multiplex a large number of fiber optic sensors onto common busses also makes fiber optic sensors attractive 
for large-scale arrays. The recent successful incorporation of multiple small-gain eitlum doped fiber amplifiers 
(EOFAs) into a fiber optic sensor array to increase the number of sensors that can be supported by a single fiber pair 
has made large-scale fiber optic sensor arrays even more competitive. 

For acoustic detection, the fiber optic sensor of choice has been the Mach-Zehnder interferometric sensor. 
In any interferometrfc sensor, phase modulation is mapped Into an intensity modulation through a raised cosine 
function. Because of this nonfinear transfer hinction, a sinusoidal phase modulation will generate higher order 
harmonics. An interferometer biased at quadrature (Interfering beams ii/2 out of phase) has a maximized response 
at the first order harmonic and a minimized response at the second orter harmonic. For this reason, quadrature Is 
the. preferred bias point As the bias point drifts away from quadrature (for example, due to external temperature 
changes), the response at the first order hannonic decreases and the response at the second cider harmonic 
increases. When the interferometer is biased at 0 or n out of phase, the firet order harmonic disappears completely. 
This decreased response at the first order hamionlc (resulting from the bias pointe away from quadrature) is referred 
to as signal foding. 

Because Mach-Zehnder interferometrfc sensors have an unsteble bias point, they are especially 
susceptible to the signal fading problem just mentioned. In order to overcome signal fading, a demodulation of the 
returned signal is required. The typical demodulation technique is the Phase-Generated Carrier (PGC) scheme, 
which requires a patMnismatched Mach-Zehnder interferometric sensor. (See, for example, Anthony Dandridge, et 
al.. Multiplexing of Interferometric Sensors Using Phase Carrier recftn/oues. Journal of Uohtwave Technnlngy , Vol. 
LT-5. No. 7. July 1987, pp. 947-952.) This path imbalance also causes the conversion of laser phase noise to 
Intensity noise, which limits the performance of the Mach-Zehnder interferometric sensor arrays at low frequencies 
and places stringent requirements on the linewidth of the source. This narrow linewidth requirement has slowed the 
development of amplified Mach-Zehnder interferometric sensor arrays "at 1 .55 ^m. 

The Sagnac interferometer has found widespread use In the fiber optic gyroscopes. (See. for example, B. 
Culshaw, et al.. F/bre optic gyroscoi)B$, Journal of Phvslcs g (Scientific InstnimentsV Vol. 16. No. 1, 1983. pp. 5-15.) 
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it has been proposed ttiErt the Sgnac interferometer could be used to detect aSKic waves. (See, for example. E. 
Udd, FibBr-opHc acousVc sensor based on Uie Sagnac Interferometer, Proceedinos of the SPIE-Tha Irttemational 
Society for Optical Engineering. Vol. 425, 1983, pp. 90-91; l^ell Kidkenes. et al., Sagnac /nferfe/o/nefer for 
unden/ater sound detwOon: noise propeities, OPTICS LFTTERS. Vol. 14, No. 20, October 15, 1989, pp. 1152- 
5 1145; and Svene Knudsen, et a!., An Ultr^onlc Flber-Oplic Hydrophone Incorporating a Push-Pull Trsaisducer fn a 
Sagnac Interfemmeter, JOURNAL OF LIGHTWAVE TECHNOLOGY. Vol. 12. No. 9. September 1994. pp. 1696- 
1700.) Because of its commonisath design, the Sagnac interferometer is reciprocal and therefore has a stable bias 
point, which eliminates signal fading and prevents ttra conversion of source phase noise into intensity noise. 
Therefore, the Sagnac interferometer is immune to the phase noise vyhich limits the Mach-Zehnder interferometric 
10 sensors at low frequencies. 

Summary of the invention 

One aspect of the present invention is an acoustic sensor that comprises a source of light pulses, a first 
coupler, a polarization dependent second coupler, an optical delay path and at least one detector. The first coupler 
couples the light pulses to a first optical path having a first optical length and to an array of sensors. The anay of 

15 sensors comprises at least a first sensor. The first sensor is In a second optical path having a second optical length 
different from the first optical length. The polarization dependent second coupler couples light pulses received from 
the first optical path In a first polarization to the optical delay patii and coupies light pulses received from the anay in 
a second polarization to the optical delay patti. The light pulses coupled to ttie optical delay path in the first 
polarization return from ttie optical delay paUi to tiie second coupler in tiie second polarization. The light pulses 

20 coupled to ttie optical delay path In the second polarization retum from the optical delay patii to the second coupler 
In tije first polarization. The second coupler couples ttie light pulses reluming to tiie second coupler ftorn ttie optical 
delay path In the first polarization to ttie first optical patt) to propagate ttiereln to ttie first coupler. The second 
coupler couples light pulses returning to ttie second coupler from ttie optical delay patti in ttie second polarization to 
ttie array to propagate ttiereln to ttie first coupler. The first coupler combines ttie Dght pulses from ttie first optical 

25 patti and ttie light pulses from ttie anay to cause light pulses traveling equal distances ttirough ttie first optical patti 
and ttie array to Interfere and to generate a detecteble output signal. The detectabte output signal varies In 
response to acoustic energy Impinging on ttie first sensor. The detector detects ttie detectebte output signals to 
generate a detector output signal responsive to variations in ttie detectable output signal from the first coupler. 
Preferably, ttie anay includes a second sensor. The second sensor is in a ttilrd optical patti having a ttiirt optical 

30 iengtti different from ttie first optical lengtti and tfie second optical length. Also preferably, tiie polarization 
dependent second coupler comprises a polarization beam splitter. In prefened embodiments, tiie optical delay patti 
comprises a length of optical waveguide and a polarization rotating reflector, "me reflector causes light incident on 
ttie reflector In the first polarization to be reflected as light in ttie second polarization, and causes light Incident on ttie 
reflector in tiie second polarization to be reflected as light In ttie first polarizatton. ttie reflector advantegeously 

35 comprises a Faraday rotating minor. In particularty preferred embodimente, ttie first optical patti includes a non- 
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reciprDcaJ phase shifter whicffluses light propagating through the first optiHpath in a fiist direction and light 
propagating through the first optical path in a second direction to e]q)erience a relative phase shift sud) that light 
combined in the first coupler ha& a phase bos. Preferably. In such embodiments, a tfnrd optical path Is positioned in 
parallel with the first optical path. One of the first optical path and the third optical path Includes an optical delay to 
cause the first optical path to have an optical path length different from an optical path tength of the third optical 
path, such that light propagating through the first optical path has a propagation time different from a propagation 
time of light propagating through the second optical path to thereby time multiplex the light pulses. Preferably, the 
non-reciprocal phase shifter comprises a first Faraday rotator, a quarter-wave plate and a second Faraday rotator, 
the first Faraday rotetor. The quarter-wave plate and the second Faraday rofalor are positioned such ttiat light 
propagating in the first direction passes through the first Faraday rotator, then through the quarter-wave plate, and 
then through the second Faraday rotetor. and such that light propagating in the second direction passes through the 
second Faraday rotator, then through the quarter-wave plate, and then through the first Faraday rotator. 
Alternatively, the non-reciprocal phase shifter comprises a first quarter-wave plate, a Faraday rotetor, and a second 
quarter-wave plate. The first quaiter-wave plate, the Faraday rotator, and the second quarter-wave plate are 
positioned such ttiat light propagating in the first direction passes through the first quarter-wave plate, then through 
ttie Faraday rotetor, and then through the second quarter-wave plate, and such that light propagating in ttie second 
direction passes ttirough the second quarter-wave plate, then through the Faraday rotetor, and ttien through ttie first 
quarter-wave plate. 

Anotiier aspect of the present invention is an acoustic sensor ttiat comprises a source of Input light pulses, 
an anay of optical sensors; an optical delay path, an optical detector system; and an input/output system. The 
input/output system receives the input light pulses and directs a first portion of each light pulse having a first 
polarization tfirough the anay of optical sensors In a first direction, ttien ttirough the optical delay patti, and ttien to 
ttie optical detector system. The Input/output system directs a second portion of each Hght pulse In a second 
polarization orfliogonal to ttie first polarization through ttie optical delay patti, ttien ttirough ttie optical sensor anay in 
a second direction, and ttien to ttie optical detector system. The optical detector system receives ttie light pulses in 
ttie first and second polarizations and detecte changes in the Rght pulses caused by perturbations in tiie optical 
sensors. 

Anoflier aspect of the present Invention is a mettiod of detecting acoustic signals. The metiiod comprises 
generating an input light signal and coupHng Uie Input light signal to at feast first and second propagation patiis to 
propagate In respective first directions ttierein. The first and second propagation pattis have respective first and 
second optical lengttis. The first and second propagation pattis output respective first and second output light 
portions. The first and second output light portions are output firom Uie first and second propagation pattis at 
differing times in accordance with differences in ttie first and second optical patti lengttis. The second output light 
portion is modulated by an acoustic signal Impinging on tiie second propagation patti. The first light portion is 
coupled to a delay patii in a first poterization. and ttie second fight portion is coupled to ttie delay patti in a second 
polarization. The delay patti outoute a first delayed light portion conesponding to ttie first output light portion. The 
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first delayed light portion has the second polarization. The delay path ou^lfa second delayed light portion 
coriBsponding to the second output light portion. The second delayed fight portion has the first polarization. The 
first and second delayed fight portions are coupled to the first and second propagation paths to propagate therein In 
respective second directions opposite tiie respective first directions. The first propagation patt) outputs a first set of 
return light portions. The first set of return fight portions comprise a respective return light portion for each of the first 
and second delayed light portions. The second propagation patti outputs a second set of return light portions. The 
second set of return light portions comprise a respective return light portion for each of ttie first and second delayed 
light portions. The first and second sets of return light portions are coupled to at least one detector. The return light 
portions in Uie first and second sets of return fight portions result from output light portions and delayed light portions 
which travel identical optical patti lengths and interfere to generate detectable output signals. The metiiod 
selectively detects tiie detectable output signals to detect only output signals resulting from interierence of light 
portions which propagated in the first propagation path in either tiie first direction or tiie second direction. The 
detectable output signal vary in response to Oie acoustic ^nal Impinging on ttie second propagation patti. 

Anotiter aspect of tiie present invention is a sensor ttiat comprises a source of light and a first coupler ttiat 
couples light to a common path and to a sensing array to propagate in respective first directions ttierein. The 
sensing array comprises a plurality of sensing patiis. A polarization dependent second coupler couples light from 
tiie common patti and from ttie sensing anay to a delay patii. The second coupler couples only light in a first 
polarization from ttie common patti to ttie delay patti. The second coupler couples only light in a second polarization 
from tiie sensing array to ttie delay patti. The delay patti rotates light in ttie first polarization to ttie second 
polarization and rotates light In tiie second polarization to the first polariiation. The second coupler further couples 
light from tiie delay patti in ttie first polarization to ttie common patti and couples light from ttie delay patti in ttie 
second polarization to ttie sensing array to propagate In respective second directions ttierein to ttie firet coupler. 
The first coupler provides output light responsive to ttie light propagating In ttie respective second directions. A . 
detector receives ttie output light from ttie first coupler and generates an output signal responsive to Interference of 
fight In ttie first coupler. Prefierably, ttie delay patti comprises a lengtti of optical fiber and a polarization rotating 
reflector. The lengtti of optical fiber is selected to provide an optical delay time. The light propagates ttirough ttie 
optical fiber fifom ttie second coupler to ttie reflector. The reflector reflects light into ttie optical fiber to propagate 
ttirough ttie optical fiber to ttie second coupler. The reflector further rotates light incident In ttie first polarization to 
ttie second polarization and rotates light Incident In ttie second polarization to ttie first polarization. Preferably, ttie 
reflector comprises a Faraday rotating mirror, Also preferably, ttie polarization dependent second coupler comprises 
a polarization beam splitter positioned so ttiat ttie delay patti receives ttie light from a port of ttie polarization beam 
splitter and returns light to ttie port of ttie polarization beam splitter.' 

Brief Description of the Drawings 
The present invention will be described below In connection wtth ttie accompanying drawing figures in which: 
Rgure 1 niusttates an exemplary Sagnac Interferometer having a single sensing loop; 
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Rgure 2 fllusfrates a Hgnac sensor ana/ in accordance wilh the pr^Mivention wherein each rung of a 
sensor anray fonns an additional Sagnac inteffeiometei; 

Figure 3 iHustrates a Se^nac sensor array whidi includes eitiunvdoped liber amplifieis to regenerate ^gied 
power lost to ooupGng and dissipatVe losses; 

5 Rgure 4 Illustrates a graph of the frequency r^nse of a Sagnac interfBrometer in aooord^^ 

Invention compared with the three dominant ocean floor ndses; 

Rgure 5 illustrates graphs of the maximum and minimum acoustic signal det^rtable by a A/tetch-Zehnder 
inteiferometer and detectable by a Sagnac interferometer in accordance with the present invention, showing the 
relatively constant dynamic range of a Sagnac interfNorneter over a wide range of frequencies; 

10 Rgure 6 iliustiates graphs of the minimum detectable acoustic signal versus frequency for three Sagnac 

Interferometer configurations having different lengths of fiber in the hydrophone and the delay loop; 

Rgure 7 Illustrates a Sagnac Inteiferometer In accordance with the present invention which includes an 
additional delay loop to increase the dynamic range of the Interferometer; 

Rgure 8 illustrates a graph of the dynamic range provided by the Interferometer of Rgure 7; 

15 Rgure 9A iUustrates the positioning of the delay loop of the interferometer in the dry end of a sensor array 

system; 

Rgure 9B niustiates the positioning of the delay loop of the interferometer in the wet end of a sensor array 

system; 

Rgure 10 illustrates the Sagnac interferometer of Rgure 9B with annotations showing the lengths used in 
20 calculations of the effects of phase modulation; 

Rgure 11 Olustrates a technique for winding the delay loop so as to reduce the effects of the acoustic wave 
upon the delay loop; 

Rgure 12 illustrates a Sagnac interfisrometer in accordance with the present invention which includes empty 
nings which detect distributed pick-up noise which can be subtracted fiom the signals generated by the sensors; 

25 Rgure 13 illustrates a Sagnac interferometer In accordance with the present Invention which includes a 

depolarizer to reduce the effects of polarization induced fading; 

Rgure 14 illustrates a Sagnac interferometer which utilizes frequency divisional multiplexing; 

Rgure 15 illustrates a graph which shows the generation of the beat signals between the delayed modulation 
signal and the returning sensor signals in the InteriierDmeter of Rgure 14; 

30 Figure 1 6 illietrates a Sagnac interferometer wMch ub'lizes code division multiplexing; 

Rgure 1 7 illustrates the architecture of a folded Sagnac acoustic fiber sensor anay; 
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Rgure 18 SlustFates affi)h of the number of returned puls^ per fime flRal, showing the separafon in tme 
of signal pulses and noise puises; 

Figure 19 illustrates a folded Sagnac acoustic fiber sensor anay having a second delay loop to provide 
ndended dynamic range; 

5 Figure 20 litustFates a folded Sagnac acoustic liber sensor array having a phase modulator and nulling dicultry 

in place of the reflector in Figure 17; 

Figure 21 illustrates a further altemative emlxxliment of Figure 19 in which the two delay loops are 
connected to different ports of the coupler; 

Figure 22 illustrates an alternative embodirnent of a fiber optic acoustic sensor array system using a 
10 Faraday lotatir^ mirror; 

Figures 23A, 23B and 23C illustrate further altemative embodiments of a fiber optic acoustic sensor array 
which utilize an unpolarized light source in combination with a depolarizer, a polarization beam splitter and a 
Faiaday rotating minor; 

Rgure 24 illustrates an altemative embodiment of a folded fiber optic acoustic sensor array which utilizes 
15 an unpolarized light source in combination with an optical circulator, a 2k2 coupler, and a non-reciprocal phase 
shifter 

Rgure 25 Illustrates an altemative embodiment of a folded fiber optic acoustic sensor array simitar to Rgure 
24 in which the depolarizer Is located in the second anay input/output fiben 

Rgure 26 illustrates a first prefened embodiment of the non-reciprocal 7i/2 phase shifter in Figures 24 and 
20 25. which illustrates the effect on the polarizata'on of the light propagating In a first direction through the phase.shilten 

Rgure 27 Uiustrates the effect on the polarization of the light propagating in a second (opposite) direction 
through the phase shifter of Rgure 26; 

Rgure 28 illustrates an altemative pretenred embodiment of the non-reciprocal w/Z phase shifter in Rgures 
24 and 25. which illustrates the effect on the polarization of the light propagating in a first direction through the phase 

25 shifter; 

Rgure 29 illustrates the effect on the polarization of the light propagating in a second (opposite) direction 
through the phaise shifter of Figure 26; 

Rgure 30 illustrates a further altemative embodiment of a folded fiber optic acoustic sensor anay, which 
utilizes polarization-based biasing for multiple detectors, wrherein each detector has a bias point which can be set 
30 independently of the bias points of the other detectors; 

Rgure 31 Uiustrates an altemathre embodiment of a folded fiber optic acoustic sensor array similar to Rgure 
30 in which the depolarizer Is located in the second anay input/output fiber; 
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Figure 32 illustrates an alternative emi)odiment of a folded fitter opb'c SRstic sensor array amilar to Rgure 
30 in which an optical circulator replaces the 2*2 coupler; 

Rgure 33 illustrates an alternative embodiment of a folded fiberoptic acoustic sensor array similar to Rgure 
32 in which the depolarizer is located In the second anay input/output ^bsr, 

5 Rgure 34 IDustratss a further alternative emtxMliment of a folded Sagnac sensor anay, which Includes a 

combined Input/output sut)system; 

Rgure 35 illustrates an alternative emtxxJiment of a folded fiber optic acoustic sensor array similar to Rguie 
34 in which the depolarizer is located in the second anay input/output fiber, and 

Rgure 36 illustrates a further alternative emtxxliment of a folded fiber optic acoustic sensor array similar to 
10 Rgures 34 and 35 in which Oie detectors are coupled to the input/output subsystem by optical fibers to pennit the 
detectors to be located remotely. 

Detailed [JesciiDlion of the Prefened Embodimenls 

The present invention is described below in connection with an anay of acoustic sensors (e.g., hydrophones) 
in a Sagnac loop. Before describing the prefened embodimente. a brief review of the operation of a single loop Sagnac 
15 acoustic sensor is provided. 

Single Ljod Saonac Acoustic Sensor 

A simpte Sagnac-based acoustic sensor 100 Is shovm In Rgure 1. "Hie Sagnac loop is divided Into two 
portions, a delay loop 102 and a hydrophone 104. The delay loop 102 Is simply a large length of fiber, typically 
greater than 1 km. The hydrophone 104 Is a portion of fiber in which an acoustic vrave is transfomied into a phase 

20 modulation of an optical signal propagating through ttte fiber. A high responsivlty to acoustic vraves is typically 
accomplished by selectirig optimized coatings for ttie section of fiber in the hydrophone 104, and wrapping the fiber 
around a mandrel of suitable composition. (See. lor exampte, J A. Bucaro, et al., Optical mm smsor coalings, 
Optical Rber Sensors, Proceedinos of flie NATO Advanced study 1986. pp. 321-338.) The lengtti of fiber 
wrapped around the hydrophone 104 is typically 10 meters to 100 meters. Light from a source 110, such as, for 

25 example, a superfluonescent fiber source (SFS). is split Into cloclcwise (CW) and counter-clockwise (CCW) beams by 
a 3k3 coupler 112. The operation of Oie 3x3 coupler 112 is well-laiown and is described, for exampte. in Sang K, 
Sheem, Fibor-optic gymscope with 13x3] dImcSonai coupler, Applied Phvslcs Letters . Vol. 37. No. 10. 15 November 
1980. pp. 869-671, 

Altiiough described herein as using a 3k3 coupler 112. other couplers (e.g.. a 2x2 coupler, a 4x4 coupler. 
30 etc;) can be used with alternative embodimente of the present invention. For example, to use a 2x2 coupler, both 
ports of one side are used to create ttie Sagnac interferometer. One port of ttie ottier side is a detection port The 
remaining port Is used to launch light into ttie array and can also be used as a detection port If a coupler or circulator 
Is employed (in a similar manner as is done wHh fiber optic gyroscopes). In general, any nxm coupler can be 
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employed by using two ports of one side of the coupler to create the Sagnac ira^rometer and using the ports on 
the other side of the coupler as detection ports, launching ports, or boHi, 

After splitting, the CW beam travels through the delay loop 102 first and then through the hydrophone 104, 
white the CCW beam travels through the hydrophone 104 first and then through the delay loop 102. During a time 
5 delay Ttfsbybetween a Bme when the CW beam travels through the hydrophone 104 and a time when the CCW beam 
travels through the hydrophone 104, the acoustic signal and likewise the acousHcaliy induced phase modulation in 
the hydrophone 104 changes. This change in phase modulation, is mapped Into a phase difference between the 
counter-propagating beams, vrhlch is converted Into an intensity modulation when the beams recombine at the 3x3 
coupler 112. This Intensity modulation Is then detected by a first detector 120 and a second detector 122 or by only 
10 one of the two detectors. 

More explicitly, if an acoustic signal induces a phase modulat'on ^^(Ot) in the fiber of the hydrophone 
104, the resulting phase modulation behween the interfering beams at the hydrophone 104, ^nKt). is given by. 




(1) 



where Jdelay Is the travel time through the delay loop. Thus, M) is a function of the hydrophone modulation 

15 and the product of the acoustic modulation frequency, a with the loop delay, Ttfe/gy. This d'rffers from a Mach- 
Zehnder interferometric sensor in which ^/nf(t) Is a function of only the hydrophone modulation ^/,. Maximum 
sensitivity Is achieved in the Sagnac loop acoustic sensor when the product of the acoustic frequency, Cl, and the 
time delay, Tdelay. Is an odd multiple of n (maximum value of the first sine tenn in Equation 1). The acoustic 
frequency which makes this product n Is called the proper frequency of the loop, which Is the lowest frequency at 

20 which maximum sensitivity Is achieved. Most undenwater sensing applications are concerned with the detection of 
acoustic frequencies below 10 kHz. For the proper loop frequency to be less than 10 kHz, a delay time of at least 50 
microseconds and therefore a delay loop length of at least 10 km Is required. Thus, the Sagnac acoustic sensor 100 
requires a large amount of fiber for the detection of low acoustic frequencies (<1 0 kHz). 

The common-path design inherent ta the Sagnac interferometer has many advantages over a Mach- 

25 Zehnder Interferometer In addition to the stable bias point and elimination of phase noise already mentioned. A 
Sagnac interferometer allows the use of a short-coherence length, broadband source, such as a superfluorescent 
fiber source (SFS). an example of an amplified spontaneous emission (ASE) source. Such sources are Inexpenshre 
and can readily provide high powers. It has been shown that the use of the 3x3 coupler passhfety biases the 
Sagnac acoustic sensor near quadrature. (See. Sang K. Sheem, Fiber-optic gyioscope with [3*3] dirBcSonai 

30 coupler, Appfied Physics Letters. Vol. 37. No. 10. 15 November 1980. pp. 868-871; and H. Poisel. et al., LovHiost 
/?brw)pffc gyroscope. Electronics Letters, Vol. 26. No. 1, 4'* January 1990. pp. 69-70.) By subtracting ttie signals 
from th& two detection ports of ttie 3x3 coupler, ttte source excess nobe, whfch is the limitfng noise source of SFS 
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sources, can be subtracted while phase-modulation Induced intensity variation^e to ttie hydrophone are added. 
This allows a Sagnac inteiferometerto approach near shot-noise limited perfbnnance. (See, l^ell Krflkenes, et al., 
Ssgnac interfemmeter for undaiwater sound doiBcBon: noise pmperties, OPTICS LETTERS. Vol. 14, No. 20, 
OctoberlS. 1989, pp. 1152-1145.) 

5 Previous work on Sagnac-based acoustic sensors has been limits to a single sensor configuration. 

Because of the inherent advantages of the Sagnac interferometer, Applicants have determined that it Is desirable to 
replace Ihe Mach-Zehnder interferometric sensors in a large-scale anray with Sagnac based sensors. Each Sagnac 
sensor 100 discussed above requires many kilometers of fiber, making the insertion of numerous such sensors into 
a large-scale array impractical. Research into using redrculating delay loops to reduce the fiber length requirement 

10 has produced sensors which use significantly less fiber but suffer from high noise due to the Incorporation of EDFAs 
within the recirculating loop. (See, for example, J.T. Kringlebotn, et al., Sagnac Interfemmeter Including A 
Re(^n:u}ating Ring With An Erbium-doped Film AmpliHer, OFS "92 Conference Proceedinos. pp, 6-9.) A novel 
approach for decreasing the fiber required Is described below. 

Novel Sensor Array Based on the Saonac Interferometer 

15 As set forth below. Applicants have discovered a novel system which reduces the amount of fiber needed 

for a Sagnac-based large scale anay by multiplexing multiple sensors onto the same delay loop, producing a 
practical Sagnac sensor array (SSA). As illustrated in Figure 2. a Sagnac sensor anay 200 in accordance with the 
present invention includes an array 210 of hydrophones 212(i) in a ladder configuration which are attached to a 
single delay loop 214. For example, Figure 2 shows a Sagnac sensor anay 210 having N hydrophones 212(1), 

20 212(2) ... 212(N) In respective njngs 216(1). 216(2) ... 216(N). Each njng.216(l) in the Sagnac sensor anay 210 
comprises a single fiber wrapped around a respective hydrophone 212(1). Every path from a 3x3 coupler 220 
through the delay loop 214 and array 210 and back to the coupler 220 comprises a separate Sagnac Interferometer. 
Therefore, for an array of N sensors 212, there are N separate Sagnac Interferometers, each of which behaves like 
the.single loop Sagnac sensor 100 shown In Rgure 1. Each Sagnac interferometer measures the acoustic signal at 

25 a separate point In space, l.e., the location of ttie hydrophone 212(1). For example, the Sagnac Interferometer 
comprising the delay loop 214 and the rang 216(1) measures the acoustic signal at hydrophone 212(1). In addition, 
each Sagnac interferometer also picks up acoustic signals (e.g., noise) elsewhere in the loop, which noise is 
advantageously reduced, as will be discussed beknv. 

The Sagnac sensor array 200 Is easiest understood in a time-division multiplexed (TDM) configuration 

30 (non-TDM schemes are discussed later). A source 222 (which may advantageously comprise a conventional pulsed 
source or may comprise a cw source with an external modulator) generates a light pulse which entere the Sagnac 
loop via a third port of the coupler 220 and propagates in both the CW and CCW directions as indicated in Rgure 2. 
Upon reaching the array 210. the CCW pulse is split into a train of N separate pulses. At this point, the CW Input 
pulse has not yet reached the anay 210 and is staTI a single pulse. When the CW pulse reaches ttie array 210, It 

35 also is split into a train of N pulses. Each pulse In the CW train returns to the 3>»3 coupler 220 after traveling through 
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a respective ning 216(i) and Kferes with the pulse In the CCW train which Wtraveled the same ning 216(1) in 
the opposite direction. Thus. N pulses aie detected by a first detector 230 and a second detector 232, and each 
pulse comprises the CW and CCW pulses of one of the N Sagnac loops (l.e., the two pulses which feve traveled in 
opposite directions through the same respective mng 216(i)). Because the pulses which travel through different 
combinations of rungs do not travel Identical optical paths, such pulses are not coincident in time at the coupler 220. 
and thus do not Interfere with each other at the coupler 220. The pulse widths should be smaller than the differential 
delay between adjacent sensors so that the pulses from adjacent sensors do not overlap. 

As Illustrated in Figure 3. smal^galn erbium doped fiber amplifiers (EOFAs) 240 are advantageously added 
to the array portion 210 just as EOFAs have been added to Mach-Zehnder interferometric sensor anays. (See, for 
example, Craig W. Hodgson, et al., Optimizstion of Large-Scafe Fiber Sensor Anays Incorporating Mu/i^/e Optical 
Ampimeis-Paitl: Slgnal4o-Noise Rath, JOURt>jAL OF LIGHTWAVE TECHNOLOGY. Vol. 16, No. 2, Febreary 1998, 
pp. 216-223; Craig W. Hodgson, et al., Optimization of Large^e Fiber Sensor Arrays Incorporating Multiple 
Optical AmplHlBrs-Part II: Pump Power, JOURNAL OF UGHTWAVE TECHNOLOGY. Vol. 16. No. 2. Febniary 1998, 
pp. 224-231; Jefferson L. Wagener; et al., Novel Fiber Sensor Arrays Using Erbium-Doped Fber Amplifiers, 
JOURNAL OF LIGHTWAVE TECHNOLOGY. Vol. 15. No. 9. September 1997, pp. 1681-1688; and CW. Hodgson, 
et al., Large^cale intBrferometric fiber sensor anays with muUiple optical amplifiers, OPTICS LETTERS. Vol. 22, No. 
21, November 21, 1997. pp. 1651-1653.) The EDFAs 240 Increase the number of sensore which can be supported 
by a single anay 210 by regenerating the signal power which is lost to coupling and dissipative losses. The EOFAs 
are advantageously pumped by one or more pump laser sources 242 via a splitting coupler 244 and via a first 
wavelength division multiplexing (WDM) coupler 246 and a second WDM coupler 248. 

' Because it uses the Sagnac architecture, the Sagnac sensor array 200 has all of the advantages of the 
single loop Sagnac.based sensor 100 discussed above. The commorH>ath design eliminates the conversion of 
source phase noise Into Intensity noise at the Interfering coupler 220. The source 222 can be a fiber ASE (amplified 
spontaneous emission) source (I.e.. the SFS discussed above), which provides high powers inexpensively at 1.55 
nm. Passive biasing near quadrature is achievabte for all sensors by using the 3x3 coupler 220. Also, the 3x3 
coupler 220 provides a convenient means to detect two Interferometric outputs at the detectors 230, 232, and to use 
the outputs of the two detectors to subtract source excess noise. (See, for example. K. Krakenes, eL al., Sagnac 
Interferometer for uniemater sound detection: noise properties. OPTICS LETTERS. Vol. 14, 1989, pp. 1152-1154, 
which shows the use of two detectors In combinat'on with a singte Sagnac Interterometer.) 

The properties of this novel Sagnac sensor array 200 will be discussed more specifically below followed by 
a more deteiled discussion of the frequency response and dynamic range which result from the use of a Sagnac 
Interferometer. Thereafter, a calculation of the magnitude of the distributed pick-up from the norvhydrophone fiber 
loop segments will be described, along with a technique for reducing this pick-up magnitude. Polarization wfll also be 
addressed below. New sources of noise v»hlch aria Introduced by the Sagnac design are then discussed. RnaHy. 
multiplexing schemes other than TDM forthe Sagnac sensor anay are presented. 
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Although the present invention is described above with respect to a sir^Rensor in each rung 2i6(i) of the 
anay 210, it should be understood that each' ning 216(i) may advantageously comprise a subanay havni^ multipte 
sensors, such as are described, for example, In allowed U.S. Patent Application No. 08/814.548. filed on March 11, 
1997, which is incorporated by reference herein. (See. also, C.W. Hodgson, et al., Large-scale Merfemmetric fiber 

5 sensor arrays wifh mulfiple optical ampMers, Optics Ijetters. Vol. 22, 1997, pp. 1651-1653; J.L. Wagener, et al.. 
Novel fiber sensor arrays using erbium-doped fiber amplifiers, Journal of Uahtwave Technoloov. Vol. 15, 1997, pp. 
1681-1688; C.W. Hodgson, et al., OpMzaSon of large-scale fiber sensor arrays incorporating mdtiple optical 
ampMers, Part I: s^naMo-nolse ratio, Journal of Uahtwave Technology. Vol. 16, 1998. pp. 218-223; and C.W. 
Hodgson, et al., Optimization of large-scale fHier sensor arrays incorporating multiple optical amplifiers, Part II: pump 

10 power, Journal of Uahtwave Technoloov. Vol. 16, 1998. pp. 224-231.) 

Frequency Response 

As set forth above, the Sagnac sensor has a frequency dependent response given by Equation 1. At 
fipequendes weH betow the proper frequency of the loop, defined as 1/{2-Tdelay). the minimum detectable acoustic 
signal scales with the inverse of acoustic frequency. This decreased acoustic sensitivity at low frequencies has 

IS been a major concern for the Sagnac acoustic sensor. However, it has been pointed out that this deoBased 
sensitivity at low frequencies is fortunately matched by an increasing ocean noise floor (See, for example, Svene 
Knudsen, Ambient and Optical Noise in Fiber-Optic Interierometric Acoustic Sensors, Flber-OpBc Sensors Based on 
the Michelson and Saonac Interferometers: Re soonsivitv and Noise Properties. Thesis, Chapter 3, Nonvegian 
University of Science and Technology, 1996, pp. 37-40.) Ideally, it would be desirable if the minimum detectable 

20 acoustic signal of an array at a given frequency were to be a constant amount below the ocean noise floor at that 
frequency. Thus, the minimum detectable acoustic signal would also increase at lower frequencies to match the 
increasing ocean noise floor. The frequency response of the Sagnac sensor anay 200 of the present Invention In 
fact does provide a good mateh between the ocean noise floor and acoustic sensitivity. This is illustrated in Figure 
4, where the minimum detectable acoustic signal for a Sagnac sensor anay is plotted as a curve 250 assuming an 

25 optical noise floor of 10 llmdl^/Bz , a hydrophone phase responsivily of 3.2 * W adljiPa and a delay loop length 
of 20 km. (The vertical axis Is in dB relative to a baseline of 1 urad/-^ .) Also plotted In Figure 4 are the ocean 
noise floors for the three dominant ocean noise sources at these frequencies and a resulting sum of the noise from 
the three sources. A curve 252 represents the noise from ocean turbulence, earthquakes, volcanic eruptions, and 
the fike. A cun^e 253 represents light shipping noise. A curve 254 represents DSSO (distant shipping and stonns) 

30 noise. A curve 256 represents the sum of the noise floore from the ttiree dominant sources (i.e., the sum of the 
curves 252. 253 and 254). (See. for example. Robert J. Urick. 77?e noise background of the sea: ambient noise 
'ei'e/, Principles of Undenvater Sound. 3rd Ed.. Chapter 7. McGraw-Hill. 1983, pp. 202-236.) The minimum 
detectable acoustic signal of the Sagnac sensor anay 200 increases in such a way as to provide a nearly constant 
amount of detectable signal below the ocean noise floor at al) frequencies below 10 kHz. Thus, the frequency- 

35 dependent response of the Sagnac sensor anay 200 does not prohibit low-frequency acoustic detection. The Mach- 
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Zehnder anay shows the same trend as the Sagnac sensor anay, namely a^creasing sensitivity towards lower 
frequencies, but in the MaclvZehnder anay. the decreasing sensitivity is smaller than in the Sa9nac-t)ased sensor. 

Although both the l\tech-Zehnder interferometer and Sagnac sensor array 200 have similar frequency- 
dependent responses, the source of Oieir frequency responses is fundamentally drfferent The increasing minimum 
detectable signal in the Mach-Zehnder interferometer sensor array Is due to an increasing optical noise floor. The 
cause of this increasing optical noise floor is the ph^ ndse introduced by the path-imbalanced Mach-Zehnder 
interferometer. Thus, although the noise floor Is 10 iitail^jEz at 10 kHz. it increases towards lower frequencies. 
In the Sagnac sensor anay 200. the increasing minimum detectable acoustic signal is due to the sin(nT(/e/a/2) 
tenn in Equation 1. and not to an increasing optical noise floor. The optical noise floor remains a constant 10 
(irad/ >fHz over the entire frequency range. 

The significance of this difference can be seen by examining the dynamic range of the Mach-Zehnder 
interferometric sensor array and Sagnac sensor anay 200, lllustFated in Figure 5. The dynamic range of a sensor is 
limitjsd by the minimum and maximum detectable phase shifts. For interferometric sensors, the maximum detectable 
phase shift is limited by the nonlinear response of the interferometer and the minimum detectable phase shift by the 
optical noise floor. Both the Mach-Zfehnder Interferometric sensor anay and the Sagnac sensor anay have 
maximum detectable phase shifts which are constant over the acoustic frequency range. However, the Sagnac 
sensor anray 200 also has a flat minimum detectable phase shift because it has a flat optical noise floor, virhile the 
Mach-Zehnder interferometric sensor anay suffers an increasing minimum detectable phase shift due to an 
increasing optical noise floor caused by the phase noise introduced by the path imbalanced interferometer. The 
Sagnac sensor anay 200 thus has a constant dynamic range at all acoustic frequencies, vrtiile the IVIach-Zehnder 
interferometric sensor anay has a decreased dynamic range at low acoustic frequencies. This is illustrated In Figure 
5. wherein the minimum and maximum detectable acoustic signals (In dB arbitrary units) are plotted for the SagnaC/ 
sensor anay 200 and a IVIach-Zehnder Interferometric sensor array. As shown In Rgure 5, both anays have an 
approximately 100 dB dynamic range above 1 kHz. where phase noise does not limit the Mach-Zehnder 
Interferometric sensor anay. At 10 Hz, phase noise dominates the Mach-Zehnder interferometric sensor array, and 
Its dynamic range is reduced to approximately 74 dB. IVIeanwhile. the dynamic range of the Sagnac sensor array 
200 remains at approximately 100 dB. 

It is interesting to examine the frequency response of the Sagnac sensor array 200 at frequencies well 
below the loop proper frequency as a function of the delay loop length and hydrophone rBsponsivity. At these 
frequencies, the sin(£2T(/e/ay/2) factor In Equation 1 can be approximated as QTdBlayl2, shownng that the 
responsivity of the Sagnac sensor anay 200 is proportional to the product of <j>/, and Idelay. <|)h itself is proportional 
to the amount of fiber in each hydrophone 212(1). and Idolay is proportional to the amount of fiber In the delay loop 
214. Thus, the responsivity at frequencies well below the loop proper frequency Is proportional to the product of the 
hydrophone fiber length and delay fiber length. Figure 6 plots the minimum detectable acoustic signal for several 
Sagnac sensor array configurations in which flie product of the lengtti of ttie fiber in each hydrophone 212(0 and the 
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length of the fiber in the delay loop 214 Is constant, but the relative distribution Vber between the delay loop 214 
and each hydrophone 212(0 changes. For example, a curve 260 represents the frequency response of a Sagnac 
sensor anay 200 having 45 km of fiber in its delay loop 214 and 100 meters of fiber in each hydrophone 212(i); a 
cum 262 represents the frequency response of a Sagnac sensor anay 200 having 30 iun of fiber in its delay loop 
214 and 150 meters of fiber In each hydrophone 212(i); and a curve 264 represents the frequency response of a 
Sagnac sensor array 200 having 15 km of fiber in its delay loop 214 and 300 meters of fiber in each hydrophone 
212(0. As illustrated, each Sagnac sensor anay 200 has the same sensitivity at low irequencles, but approaches a 
maximum sensitivity at different frequencies gWen by their respective loop proper frequencies. Thus, for a given 
minimum detectable acoustic signal at bw frequencies, there is still some freedom In choosing the fiber lengths of 
the delay loop 214 and the hydrophones 212(0. 'nils fireedom may be used to help the Sagnac sensor array 200 
satisfy other criteria, such as minimizing the total amount of fiber required or minimizing the delay loop length. 
Increaslno the Dynamic Range of the Saonac sensor arrav 

As discussed above, the Sagnac sensor anay 200 has a larger dynamic range at low acoustic frequencies 
than the Mach-Zbhnder Interferomettto sensor anay because it Is immune to phase noise, ideally, an array 200 
provides enough dynamic range to detect the strongest and wealcest acoustic signal which are lilceiy to be 
encountered. This requirement often translates into a required dynamic range of approximately 150 dB. In order to 
achieve such a large dynamic range in a Mach-Zehnder Interferometric sensor anay, two separate sensors with 
different phase responshrltles are required, with each detecting a fraction of the total 150 dB dynamic range. The 
obvious disadvantage to this scheme Is that It requires two sensor arrays (i.e., twice as many hydrophones, mngs, 
sources and detectors). Effectively, an anay which can support N hydrophones can detect the acoustic signal at ., 
only N/2 points. 

In the Sagnac sensor array 200. it is possible to achieve a large dynamic range without using additional . 
hydrophones 212. Because the phase responsivity in the Sagnac sensor array is a function of the hydrophone 
responsivity and delay loop length, as shown in Equation 1, the phase responsivity of the entire anay of 
hydrophones can be changed by modifying the delay loop length. By simultaneously using two separate delay loops 
214(1) and 214(2) of length Li and L2, respectively, as shown In a modified sensor array 266 In Rgure 7. ttie 
detection range of the anay 266 can be dramatically Increased. The array 266 now has 2N separate Sagnac loops. 
Each hydrophone 212(1) returns a separate signal for each of the two delay loop paths, and ttw length of each delay 
loop 214(1), 214(2) detemilnes ttie acoustic detection range of tiiat signal. The total acoustic detection range of 
each hydrophone 212(0 is the union of the detection ranges of each of tfie two Sagnac loop sensors which enclose 
ttie hydrophone 212(0. The lengths of Li and L2 set tiie acoustic detection range. The tengtii L1+L2 is chosen to 
allow ttie array 265 to detect ttie smallest acoustic signal of interest The tength Li of ttie delay loop 214(1) is ttien 
chosen to place Uie detection range of the signals which travel only ttiis shorter delay toop on top of ttie detection 
range of Hie signals which travel both delay loops 214(1). 214(2). In a TDM system, as a result of ttie insertion of a 
second loop, ttie repetition frequency of flie souroe pulses are halved in onJer to a»ow time lor 2N pulses to retijm. 
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and the lengths of the delay 1^ 214(1), 214(2) are chosen such that theiCTrno pulse overiap. Because the 
repetifion frequency is hah^d. the dynamic range of each indhnduai signal decreases by 3 dB. This decrease is 
more than offset by the increase in the total dynamic range achieved by piggybacldng the dynamic range of two 
separate signals. |n Rgure 7, the second delay loop 214(2) is positioned such that all light passing through the 
second delay loop 214(2) passes through the first delay loop 212(1). It should be understood that, alternatively, the 
two delay loops 214(1), 214(2) can t>e optically in parallel such that the light which passes through the second delay 
loop 214(2) does not pass through the first delay loop 214(1). In such case, the fiber length of the second delay loop 
214(2) would have to be the sum of the first length and the second length (i.e.. L1+L2). But, since Li is considerably 
shorter than L2, this adjustment is not essential. The embodiment of Rgure 7 reduces the btal fiber requirements 
by adding the length of the first delay loop to the second delay loop. 

Figure 8 illustrates the extended dynamic range made possible by using the two delay loops 214(1), 214(2) 
in the array 266 in which the dynamic range of each signal is 100 dB and the ratio L1/L2 was set to be 5000. As 
shown, the anay 266 is now able to detect over the entire dynamic range of interest (approximately a IBO^B range) 
without increasing the hydrophone count 

Distributed Sensing 

In the Sagnac sensor array 266, any phase modulation In the Interferometer can be transferred into an 
intensity modulation at the interfering 3x3 coupler 220. This distributed sensing over the entire Sagnac loop is 
disadvantageous for an acoustic sensor anay. In onfer to be practical, the acoustic sensor anay should sample the 
acoustic signal at a number of discrete points in space (i.e.. at the hydrophones) and return these signals 
Independently. Mach-Zehnder Interfierometric sensor anays achieve this because the Interferometer Is confined 
within a small space and thus only senses at that point In order for the Sagnac sensor array 266 to be practical, the 
distributed sensing of the Sagnac loop must be decreased. 

The bullc of the fiber in the Interferometer constitutes the delay loop 214, which can be located in two 
positions. The firet is with the source 222 and the detection electronics (i.e., the detector 230 and the detector 232) 
In the dry end (l.e., out of the water), as shown In Figure 9A. fiere the delay loop 214 can be environmentally 
shielded to minimize any external modulation. However, downlead fibers 270. 272 which connect the wet end to the 
array portion 210 are part of the interferometer. The second possibility is to locate the delay loop 214 In the wet end 
(i.e., in the water) with the array 210. as shown in Figure 9B. As such, the delay loop 214 cannot be Isolated to the 
same extent as it could If it were located in the dry end, but the downlead fibers 270, 272. 274 are outside of the 
interferometer and thus are non-sensing. The relathre magnitude of the downlead and delay loop distributed pick-up 
dirtates which configuration Is best suited for a particular application. It should be noted that if the delay loop 214 is 
located In the dry end (Rgure 9A), the downlead fibers 270, 272 must remain stationary to prevent physical 
movements, such as bending and vibrations, of these fibers, which can Induce extremely large phase modulations. 
These are fiber motion induced phase modulations as opposed to acoustically-induced phase modulations. (Such 
physical movements are problems in towed anays. but may not be significant probtems in stationary anays.) Thus. 
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if the delay loop 214 is located In the dry end (Figure 9A). the entire wet end orm Sagnac sensor array 210 must 
be stationary. However, with the delay loop 214 located in the wet end (Figure 9B), only the portion to the right of 
the 3x3 coupler 220 In Figure 9B must remain stafionary since the downlead fibers 270. 272, 274 are not then part 
of the interferometer. When the delay loop 214 Is located in the wet end (Rgure 9B), ttie delay loop fiber must be 
desensitized. The delay loop 214 can be made stationary by wrapping the delay loop fibers around a desensitized 
cylinder (not shown), thereby eliminating fiber motion and maldng acoustic pick-up the dominant source of 
distributed pick-up signal. Because it is easier b desensitize fiber to acoustically-induced phase modulation ttian It 
is to desensitize fiber to movementH'nduced phase modulation, the configuration which locates the delay loop 214 In 
the wet end (Figure 9B) is preferable for towed array appDcations and will be described in more detail below. 

Calculation of the Acoustie Pick-up Noise Induced in the Delay txoo 

in this section, estimates are derived for flie magnitude of the acoustically induced distributed pick-ijp noise 
as compared to the acoustically induced hydrophone phase modulation in the Sagnac sensor array 210 of Rgure 
9(b). The intensity rnodulation due to the distributed phase modulations resulting from the ptok-up of acoustic 
signals in the delay loop and bus fiber (the fiber connecting each hydrophone to the delay bop and the 3x3 coupler) 
can, be considered a soume of noise. For the fbltowing discussion, considerone loop of the Sagnac sensor array as 
comprising only delay fiber of length U a bus fiber of length U. a hydrophone fiber of length U. and a total length L, 
as shown in Figure 10. Also assume that Is much larger tiian L* and U The phase responsivity of fiber to 
acoustic signals results fifom a pressure dependent propagation constant, ^ In general, ttie pressure dependent 
component of the propagation constant at a position / and time f can tie written as: 

>9(/.0 = M(/)P(/,0 (2) 
where po is the zero-pressure propagation constant, R(l) is the nonnalized phase responsivity of the fiber, and P(l,t) 
Is the pressure as a function of space and time. If a sinusoidal acoustic signal of frequency <; Is assumed. Equation 
2 can be rewritten as: 

^(/.O = fiomiPo + P„ siniOt + em (3) 
where Po Is the steady-state pressure, P„ is ttie amplitude of ttie pressure modulation (assumed to be independent 
of /), and o{i) contains ttte spatial phase variation of ttie acoustic wave. In general, the induced phase difference 
between interfering beams in a Sagnac loop due to acoustically induced phase modulation from Hi to M2 Is given 
by tiie Integral: 

..(o=j:[4.<.£^)-4,.-i)].: 

where V is the speed of light In the fiber, and L is the loop length. Substituting Equation 3 into Equation 4 yieWs: 
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Equation 5 can be used to determine the ph^ ditference between interfering b^^ due to acoustic modulation of 
the hydrophone, bus, and deiay fibers. 

For the hydrophone fiber. Equation 5 is integrated from /p/Wt^ to h'Wt/i^lh. it is assumed that u(/) is 
constant over this range (i.e.. that the acoustic wavelength is much larger than the dimension of the hydrophone), it 
is also assumed titat the nomialized phase responsivity of the fiber, RP); Is constant and Is equal to Rh in this range. 
Equation 5 then gives a phase difference amplitude between interfering beams due to hydrophone fiber modulation: 



where it is assumed that cjLi/2v a1 . Note that Equation 2 agrees with the expression given in Equation 1 . 

For the bus fiber, Equation 5 Is integrated first from li=ld to l^ld*lb/2, and then from li=Ut/2 \o i2=L to 
Include both the upper and lower bus lines. Again. It is assumed that is constant and equal to Rt for ail bus 
fiber, such that u(9 is constant In the integral of Equation 5. The phase difference ampfitude between interfering 
beams due to fiber modulation becomes: 

^i=2AW,8m^f^j. (7) 

where it is assumed that qfJZv d . It should be emphasized that the assumptions on the constancy of u(/) and the 
amplitude of (;Lt/2y act to increase . thus giving a worst case scenario for the bus fiber. 

For the delay fiber, Equation 5 is Integrated ftom h-O to If'k and, as before, it Is assumed that Is 
constant over this range (i.e., the delay loop coll is much smaller than the acoustic wavelength), and that R(l) Is 
constant and equal to Ri over the integral. Equation 5 then yields a phase difference amplitude between interfering 
beams due to delay fiber modulation ghren by: 

^-=2/?,/?,/»„(Z-Z,)sm^f^j=2Ai2.(I*+4)8m^^^ (8) 
where It Is assumed that q[U+U)/2v a1. 

With Equations M, the relative magnitude of these phase modulations amplitudes can be computed. First, 
it is noted that a standard plastic coated fiber has a nonnalized phase respor«ivity, R, of ^28 dB re 1/^Pa, as 
described, for example, In J A Bucaro, et al.. Optical nbn sensor coatings, Optical Fihsr Sensors. Pfoceedinas of 
the NATO Advanced Sfajdv Institute. 1986, pp. 321-338. On the other hand, as described, for example. In C.C. 
Wang, et al., Very high responsivity fiber optic hydrophones for commercial applications, Proceedings of the SPIE- 
The International Society for Optical Enaineerino. Vol. 2360, 1994, pp. 360-353, a fiber wrapped around current 
hydrophones made from air-backed mandrels has a nomtaiized phase sensitivity of -298 dB re l/jiPa, an increase 
of 30 dB over standard fiber. If we assume that the delay loop and the bus fiber have the nonnalized phase 
responsivity of standard plastic coated fiber, and that the hydrophone fiber is wrapped around an air-backed 
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mandrel, then the ratio of Rt, toKor Ri Is approximately 30 dB. Therefore. un^Rie simpfifying assumption made 
to reach Equafions 6^, It can be found that 

and 

The ratio UU is a function of the hydrophone position. For the first hydrophone, li/U»0 making 
A /^toj = 31 an^ A ' A extremely large. For the last hydrophone, typical values of 100 meters and 1 km for U 
and U respectively, are used to am've at lf^^l^j>^^ » (f^^lf^ «3. Thus, despite the fact that the hydrophone fiber 
constitutes a relatively small amount of the overall Sagnac loop, the magnitude of the acoustically induced phase 
modulations in the hydrophone fit)er are greater than the acoustteaPy Induced phase modulations in the delay loop 
fiber and in the bus fiber for even the furthest hydrophone. The fblhming section describes a means for dealing with 
this level of distributed pick-up noise using empty rungs. 

In onler to evaluate the Integral in Equation 5 for the delay loop fiber, it is assumed that R(9=/^ for all / less 
than U It was this constancy of R(9 which eliminated any contribution to the integral of Equatton 5 from H^-Uj to 
Ld (because the integrand became an odd function about L/2). However, coiflng a long length of fiber will result in 
some dependence In on / (possibly because the inner layer of fiber has a different R than the outer layer). 
These variations in increase the delay loop pick-up from ^L-Ld" to U In order to reduce this pick-up, it is first 
noted that R{f) need only be an even function around £/2 to make the integrand of Equation 5 an odd function about 
U2. R(l) can be forced to be more symmetric about U2 by wrapping the delay loop In such a way as to position 
symmetric points of the fiber loop next to each other as shown in Rgure 11. Such a wrapping ensures that 
symmetric points of the delay loop are positioned In proximity to each other so that any variations in R(l) due to the 
position of the fiber on the coil are as symmetric about L/2 as possible, thereby making the delay loop pick-up as 
close to the expression of Equation 8 as possible. Note that, because each Sagnac toop In the Sagnac sensor anay 
has a different U2 point, only one loop can be wrapped exactly as shown in Rgure 11, thereby introducing a small 
degree of oddness in R(l} to all but one of the Sagnac loops. 

It should also be mentioned that In addition to enhancing the acoustic sensitivity of fiber with a hydrophone, 
it is possible to desensitize fibers by applying a metallic coating of a particular diameter. (See, for example. JA 
Bucaro, Optical fibre sensor coatings, cited above.) Measured nomiafeed phase responslvities as low as 
-366 dB re l/^Pa have been reported. If such fibers are used in the delay or bus lines, the ratio of Rh to Rt or the 
ratio of /?h to Rtf approaches 68 dB (instead of 30 dB with plastic coated delay and bus fibers). Increasing the 
hydrophone induced signal over the delay and bus induced signal by 38 dB. 

-17- 




wo 01/67806 ^ PCT/US01/0694S 

Reducing the Distributed Pick-upNoise bv Using Emotv Rungs 

In order to further eliminate distributed piclcmp s^nal, the hydrophone-induced acoustic modulation can be 
isolated from the distributed picic-up modulation by placing empty mngs 300 that do not contain a hydrophone in the 
array 210. as shown In Figure 1Z Each ning 216(i) which contains.a hydrophone 212(0, called a.sensing mng, is 
proceeded by one of the empty rungs 300(i). The fact thai the non-sensing fiber of each loop which encloses an 
empty rang 300(1) Is neariy identical to the non-sensing fiber of the loop whidi encloses the corresponding sendng 
rang 212(i) means the empty rang 300(i) and the oonesponding sensing rang 212(1) will have neariy the same 
distributed pick-up s^nal. By treafing this empty rang 300(1) as another sensor in the array 210 and property timing 
the pulses (in the TDM scheme) from the empty range 300(i) and the sensing rangs 212(i) so that they do not 
overtap, the distributed, pick-up signal present on each sensing mng 212(0 can be measured. After detection, this 
signal can be subtracted from the sen^ng rang signal, leaving only intensity variations produced by phase 
modulations in the hydrophone fiber. Implementing such a scheme requires 2N rangs for an N sensor anay 210, 
thereby reducing the duty cycle of individual signals by one half. 

If desensitizing the bus portion of the array 210 is not required, a single empty rang 300 can be placed in 
the anay 210 to measure the distributed pk:k-up signal associated with the delay h)op 214. thereby requiring only 
N-i-1 rangs (N sensing rangs 212(0 and one empty rang 300) for N sensors. If one empty rang 300 does not 
adequately measure the distributed pick-up signal for each sensing rang 212(0. more empty rangs 300 can be. 
added at periodic intenrals along the anay. until the distributed pick-up signal present on each sensing rang 212(0 
can be adequately measured by the nearest of these empty rangs 300. Using fewer empty rangs results in a higher 
duty cycle for individual signals. Rgure 12 depicts the extreme in which an empty rang was added for every sensing 
rang. 

Polarization 

For maximum contrast in any Interferometric sensor, the state of polarization (SOP) of the interfering beams 
must be Identical when they recombine. If they are orthogonal, there is no interference and thus no amplitude- 
modulated signal. This is refened to as polarization-induced signal fading. Because each sensor in the Sagnac 
sensor anay is a Sagnac loop, the research canied out so far on polarization-induced signal fading in the Sagnac 
fiber gyroscope applies to the Sagnac sensor array as well. One promising solution is to place a depolarizer within 
the Sagnac loop. (See, for example, K Bohm. et al., LOW-DRIFT FIBRE GYRO USING A SUPERLUMINESCEUT 
DIODE, ELECTRONICS LETTERS, Vol. 17, No. 10. 14th Msf 1981. pp. 352-353.) The depolarizer ensures that at 
least half of the optical power is returning to the 3x3 coupler in the opnect SOP at all times. This general approach 
produces a constant visibflrty reganlless of the loop birefringence, (See, for example. William K. Bums, et al., Flber- 
Opffc Gyroscopes wHh Depolarized Ught, JOURNAL OF UGHTWAVE TECHNOLOGY. Vol. 10. No. 7. July 1992. 
pp. 992-999). The simplest configuration uses an unpolarized source such as a fiber superiluorescence source and 
a depolarizer in the loop. As illustrated in Figure 13. in the Sagnac sensor anay 200, one depolarizer 310 is placed 
at a point which is common to ail the Sagnac loops. The depolarizer 310 ensures that each sensor 212(1) has this 
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constant visibility independent of birefringence as long as the loop birefringenc^Snains constant This represents 
a great simpfification in the handling of polarizationHrtduced s^nal fading over those methods used in Mach-Zshnder 
interferometiic sensor arrays. 

Although slow changes In the birefringence virill be sufficiently canceled by the reciprocal nature of the 
Sagnac interferometer, birefringence modulations at frequencies in the acoustic range of interest will pnsduce 
polarization noise. Most birefringence modulation at these frequencies occurs as a result of physical fiber 
movement Thus, the Sagnac loop should remain stationary In order to reduce the polarization noise (as well as the 
distributed pick-up signal). 

Noise Sources Introduced bv the use of the Saonac Interferometer. 
Thermal Phase Noise 

Because the index of refraction of the fiber changes with temperature, thermal fluctuat'ons in a fiber will 
produce phase fluctuafions In the light traveOng through it These index variations are uncorrslated over the length 
of fiber, and thus the resulting phase fluctuations scale as the square root of length. Because Mach-Zehnder 
Interferometers typically use less than 100 meters of fiber In each ami, the magnitude of this thennal phase noise is 
negligible. The Sagnac interferometer has a great ded more fiber in the interferometer and as a result, thennal 
phase noise can become a limiting noise source. The magnitude of this thennal phase noise in a Sagnac 
interferometer has been described theoretically and conlimfied by experiment (See, for example, Sverre Knudsen, 
et at, Measunments of Fundamental Thennal Induced Phase Fhiduations in the Fiber of a Sagnac Interfemmeter, 
IEEE Photonics Technology tetters. Vol. 7. No. 1. 1995, pp. 90-93; and K|ell Kr&kenes, et a!.. Comparison of Fiber- 
optic Sagnac and Mach-Zehnder Interierometers with Respect to TTierma/ Processes in Fiber, JOURNAt OF 
tIGHTWAVE TECHNOLOGY, VoL 13. No. 4, April 1995, pp. 68M86.). For loops greater than 2 km, the themial 
phase noise can exceed 1 urad/Vlfe In the frequency range of interest which Is on the order of the required array 
sensitivity. 

The themial phase noise can be considered as a source of distributed pick-up noise, akin to an external 
modulation to the delay loop, and as such can be reduced by using empty mngs, as described above. Thennal 
phase noise can also be reduced by shortening the loop length. As discussed above, the loop length can be 
shortened without changing the low frequency sensitivity by increasing the hydrophone fiber tength by ttie same 
factor as that by which the delay loop was decreased. For exampte a 40-km delay toop with 50 meters of 
hydrophone fiber has the same tow-frequency response as a 20^an delay loop with 100 meters of fiber. The latter 
combination however will suffer less themial phase noise because the total delay loop tength is shorter by almost a 
factor of two. 

Kerr Effect Induced Phase Noise 

Ken--induced phase shifts which can be generated In a Sagnac Interferometer have received a great deal of 
attention for the fiber optic gyroscope. (See. for exampte, RA Bergh. et al.. Source statistics and the Kerr effect in 
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nbar-optlc gyroscopes. OPtSleTTERS. Vol. 7, No. 11. November 198™p. 563-565; RA. Bergh, et al.. 
Compensation of the optical Keir effect in fitter-optic gyroscopes. OPTICS LF TTgRS, Vol. 7, No. 5, June 1982, pp. 
282-264; and N.J. Frigo, et al., Optical Kerr effed in fiber gyroscopes: effects of nonmonodiromafic sources, 
OPTICS LETTERS. Vol. 8, No. 2, Febmary 1983, pp. 119-121.) The demands of the gyroscope and the acoustic 
sensor, however, are difTerent because the gyroscope measures DC levels. SmaD DC offsets created by Kerr- 
Induced phase shifts vi^hlch would limit a fiber gyroscope are non-Issues virith an acoustic sensor. The Ker--lnduced 
DC phase shift is not a problem as long ^ ft does not move the bias point too far away from quadrature. The 
intensity noise on the light source can produce a Ken- induced phase noise on the output However, the magnitude 
of this Kerr-lnduced AC phase noise Is small as tong as the Kerr-induced DC phase shift remains small. The origin 
of Ken--induced phase shifts in the Sagnac sensor array is different than in the fiber gyroscope. The asymmetry of 
the Sagnac sensor array invttes such a Kerr phase shift much more readily than the nominaHy symmetric gyroscope 
• does. That asymmetry resuKs firom the array portion as well as any placement of EDFAs which are asymmetric, in 
that one beam sees gain before propagating through the delay loop, then sees loss, while the counter-prDpagating 
beam sees loss, then sees gain. It is possible to balance these asymmetries and null the Kerr-induced phase shift 
by choosing the proper location for EDFAs In the delay loop. The specifics depend on the exact array configuration 
and which multiplexing scheme is used. 

Non-linear phase modulation res ultinQ ftpm the EDFAs 

The population Inversions created In the EDFAs Induce a phase shift on the signal light that passes through 
it (See, for example, IVI.J.F. Digonnet, et al.. Resonantly Entranced Nonllnearity in Doped Filters for Low-Power All- 
Optical Switctiing: A Review. OPTICAL FIBER TECHNOLOGY. Vol 3. No. 1. January 1997, pp. 44^.) This 
phenomenon has been used to produce ail-opticai interferometric swftches. In a Sagnac sensor anay, the EDFAs 
within the interferometer create a nonlinear phase shift via the same mechanism. Variations in the population 
Inversion due to pump or signal power fluctuations wfll produce phase modulations which will be converted to an 
intenstty noise. 

In order to estimate the magnitude of this noise souroe, a detemiination must be first made as to how the 
inverted population responds to pump and signal power fluctuations. This is relafivsly straightforward to do by Invoking 
the rate equations for an erbium system: 

N,+N,^N,, (11) 

dt hv^A^ ' hy,A^ ' Av,^^^' hv,A^''^ ^^^^ 

where Ni and N2 are the population densHies of the tower and exerted states respectively. Nq Is the total population 
density. / Is the intenstty. o is the cross section, Aeff Is the effective mode area in the fiber, and t2 is the Hfetime of 
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level two. The subscripts p and s denote pump and signal, respectively, wKm superscripts a and e denote 
absorption and emission, respective. 

By splitting Ni. N2. Ip, and Is Into their steady-state and time-varying components, ftien substituting this 
into Equation 12 and combining Equation 12 with Equation 1 1, the result is: 



u 2 \ / 



(13) 

where the superscript ss denotes steady^te values, and the time-varying components are now written as expBdt 
lunctions of 6me (N2=N2^^-^N2(t)). If it is assumed that N2(t) is much smaller than N2^, then the last two temos in 
Equation 13 can be neglected. By writing lp(t)=lp'nsln(fpt} and Is(t)=l5^sin(fst) (where \fP and \^ denote the 
modulation amplitudes of lp(t) and respectively, and fp and fs respectively denote the pump and signal 
10 modulation frequencies) and sohring the resulting differentiat equations, it can be found that 



.Vi+/,7/.'] 









(14) 



(15) 



(16) 
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If it is assumed that Xp=1480 nm. X^^ISSO nm, and lpSS=l W, and ifipcai eibiun^sillca cross sections 
are assumed, then Equations 14 and 15 simplify to: 



0.9 



If 



(17) 



The pump-induced population Inversion fluctuations (Equation 17) will be analyzed firsL If \^=^ mW. 
lpM=1 W, and it is assumed that Ipm/lpW=io-6/ Vlfe (120 dB/>/Hz electronic SNR). then lN2(fp)|/N2«s = 9x10- 
1 0 VHz '1 at frequencies well Iwlow 4.3 kHz. In order to convert this figure to a phase modulation, the fact that 10 
mW of pump power at)sort)ed in an ertium^oped fitwr Induces approximately 7 radians of phase shift at 1550 nm 
can t>e used. (See, for example, M.J.F. DIgonnet, et al., ResonaOy Enhanced Nonlinearify In Doped Fibers for 
iMf-Pomr All-Optical Switching: A Raweiv, OPTICAL FIBER TECHNOLOGY. Vol. 3, No. 1, January 1997, pp. 44- 
64.) Using simulations, 10 mW of at)sorbed pump power in a typical ertiunvdoped fiber provides approximately 6 
dB of small signal gain at 1550 nm, which is close to the gain required by each amplifier in an array with distributed 
EDFAs. (See, for example, Craig W. Hodgson, et al., Optimization ofLa/ge-Sca/e Fiber Sensor Arrays Incorporating 
Muftiple Optlcai Amplifiers-Part I: SIgnal-to-Noise RaSo; Craig W. Hodgson, et al., Optimization ofLarge-Sc^e Fiber 
Sertsor Arrays Incorporating Mu/frp/e Optical Ampmers-Part II: Pump Power, Jefferson L. Wegener, et al., Novel 
Fiber Sensor Arrays Using Erbium^oped Fiber Amplifiers: end C.W. Hodgson, et aL, Large-scale interferometric 
fiber sensor arrays with multiple opHcall amplifiers, cited above.) Therefore, each amplifier provides approximately 7 
radians of DC phase shift. Since the nonlinear phase shift is proportional to the upper state population, N2, It can be 
vim'tten that AN2/I^2**=A(|)/<J|SS. Using this relation and Equation 17 again for lsss=1 mW, lpss=1 W, Ip^/ipSSsio- 
6/>/lfe and fs«4.3 kHz, the low-frequency phase noise induced by each EDFA is (7 radlans)x(9 x 10-IO) -1 
= 6.3 X 10-9 rad/>/Hz . If It is assumed that there are a total of 500 such amplifiers and that the phase modulations 
from ell 500 amplifiers add coherently, the total pump noise Induced phase shift can be estimated to be 
3.2 firad/Vlfc . The target phase noise floor is typically set to 1 jiiad/ VHz , Indicating that the nonlinear phase- 
noise induced by the EDFAs due to pump power fluctuations is dose to but not significantly larger than the required 
phase noise floor. In practice, the ampllfiere' phase modulations will not add coherenUy. which will reduce the 
3.2 prad/VHz figure. 

Calculations of the Induced phase shift due to signal power fluctuations are more complicated because the 
signal power not only has intensity noise but is also modulated by the multiplexing scheme. Again considering the 
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TDM case, in general, while a given pulse is traveling through a particular EDF^ere may or may not be a counter- 
propagating pulse traveling through that EDFA at the same time. Taking the woist case in which there is always a 
counter-propagafing pulse, 1$'" is twice the Intensity noise of each individual pulse. For the amplifiers, \^ is 
typically 1.5 to 2 times the intensity noise of each individual pulse. Assuming the signal light has an eledrDnic SNR 
of 120 dB/ at acoust'c frequencies (i.e., \^I\^=^{^!^J^), and inserting this figure into Equation 18 along 
with ipSS=l w and l5"'=2 mW. it can l»e calculated that |N2{fs)|/N2^ is approximately 2.4 x io-9 Vhz'I at 
frequencies much iovrer than 4.3 kHz and that the phase noise induced by signal intensity noise In each EDFA is 
thus 1.68x lO^radZ-s/s^. Again assuming 500 amplifiers and coherent addition of all EDFA-lnduced phase 
modulation, the total EDFA induced phase noise on each pulse is 8.4 ^Jad/ Vl^ , a level which could again limit 
the perfbrnoance of the Sagnac sensor array. However, a more detailed study taking into account the multiplexing 
scheme and exact timing of the aoay is needed for a more accurate calculation. 
lyiuttiplexinq Schemes in a Sagnac anav 
Time-Division Multiplexino 

It has been assumed thus far that the Sagnac sensor anay is operated in a TDM configuration, it should be 
not^ that, in the Sagnac sensor anay, the source requirements for such a TDM system are not as demanding as 
those of a Mach-Zehnder interferometric sensor array in a TDM configuration. The reason for this is the use of the 
broadband source in the Sagnac sensor array, in ttie Mach-Zehnder interterometiic sensor array, the light from 
adjacent mngs is coherent due to the nanow iinewidth source, and thus extremely high extinction ratios on the Input 
pulse are required to prevent multi-path coherent interference. These high extinction ratio requirements are 
achieved by placing multiple modulators in series, which results In a complicated, high loss, and expensive source. 
In the Sagnac sensor array, the required extinction ratio need not be as high because the broadband source 
eliminates any possibility of multi-path coherent Interference, in addition, the nanow linewidths required by the 
Mach-Zehnder interferometric sensor array prevent the use of a pulsed laser source in place of a continuous wave 
(cw) laser source which is externally modulated with Lithium Niobate intensity modulators, in the Sagnac sensor 
anay, either a continuous-wave ASE source which is externally modulated, a pulsed ASE source, or some 
combination thereof could be used to constnict the source. Again, the reason for this is that the Sagnac sensor 
array does not require a narrow iinewidth source. Although the present Invention does not require a narrow iinewidth 
source, it should be understood m the Sagnac sensor anay of the present invention can be used with a nanow 
iinewidth source, such as, for example, a laser. 

Freouencv Division Multiplexing 

The use of ttie broadband source also allows Uie Sagnac sensor array to operate In non-TDM 
configurations wittiout changing the design or requiring additional sources. Frequency division multiplexing (FDM) is 
commonly used witii Mach-Zehnder interferometric sensor arrays using the Phase-Generated Carrier (P6C) scheme 
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but is also compatible with the^gnac sensor airay. Figure 14 shows a ba^^nac sensor anay 400 using a 
FDM scheme. A fiber superfluoresoent souice (SFS) 402 (or other breadband source, such as, for example, an 
LEO) generates Input light A chirped intensity modulation is applied to the input light via an intensity modulator 404 
which is controlled by a chirped frequency generator 406. The modulated light enters a sensor anay 410 via a 3^3 
coupler 412. The light passes through a delay loop 414 and plural sensing nings 416(0 having respective sensors 
418(i). Empty rungs (not shown) can also be Included If desired. After passing through the delay loop 414 and the 
rungs 416(i), the light exits from the sensor anay 410 through the coupler 412 and is detected by a detector 420 
which generates an electrical output signal responsive to the detected light The electrical output signal from the 
detector 420 is mbced in a mbcer 422 with the same chirped frequency which has been time delayed by a delay 424 
which delays the chirped frequency by a time At In the setup illustrated In Figure 14, the output of the mbcer 422 is 
applied to a spectrum analyzer 426. in an operational embodiment, the output of the mbcer 422 is applied to a signal 
processing subsystem (not shown) which analyzes the output of the mbcer 422. to reproduce the acoustic signals 
impinging on the anay 410. 

The signals retuming from the sensors 418(1) In the various mngs 416(1) are further delayed with respect to 
the delayed chirp frequency. This Is illustrated by the graphs in Figure 15 by the original chirped frequency 450, the 
delayed chirped frequency 452 from the delay 424, the chirped return signal 460 from the first rung, ttie chirped 
return signal 462 from the second rung and the chirped return signal 464 from the third ning. In the mbcer 422, 
separate beat frequencies fft^ 470, fti 472. fig 474, respecUvely (shown In Figure 14), are fbrnied between the 
mbdng chirped frequency 452 and each of the signals retuming from the various nings in the Sagnac sensor anay 
410. (See, for example, S.F. Collins, et ai., A Multiplexmg Scheme For Optical Fibm InterferomeMc Sensors Using 
An FMCW Generated Carrier, OFS '92 Conference Proceedings, pp. 209-21 1 .) Although only three chirped return 
signals 460, 462, 464 are Hlustrated in Figure 15, it is contemplated that up to N return signals can be provided, 
where N is the number of nings in the anay 410. The chirped return signals from the Nth mng causes a beat 
frequency iw in the mUer 422. 

As illustrated by a pictorial representation of a spectral output In Rgure 14. acoustic modulation of the 
signals will appear as upper sidebands 480. 481, 482 and lower sidebands 484. 485. 486 to the beat frequemHes. 
An advantage of this FDM scheme Is that the demands on the anay timing are greatiy relaxed over those required In 
a TDM system. A TDIWI system requires a specific delay between adjacent rungs In order to prevent pulses from 
overlapping, and ttiis can present a demanding engineering problem. In FDM, variations in fiber lengths shift beat 
frequencies but do not induce overlap between signals as long as these beat frequencies are separated by twice the 
acoustic detection range. The tatter is accomplished by selecting the proper chirp rate. Unlike in a TDM system, an 
paths return light at all times, which can result in phase noise between the different incoherent signals. The 
broadband ABE light source minimizes the magnitude of this phase noise. (See. for example. Moslehi. Analysis of 
Optical Phase Noise in Fibar-Optlc Systems Employing a Laser Source with Arbitrary Coherence Time, Journal of 
Lightwave Technoloov. Vol. LT-4, No. 9. September 1986, pp. 1334-1351.) 
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Code Division Multiplexing 

Code division multiplexing (CDM) has received increased attention lately for its use In sensor arrays. (See, 
for example. A.D. Kersey, et al., Code^'mion Multiplexed lirtBrfemmetric Array With Ptiase Noise Reduction And 
Low Crosstalk, OFS '92 Conference Proceedinqs. pp. 266-269; and H.S. AI-RawBshldy, et al.. Spread specfrum 
te(^niquB fyrpxsive multiplexing cfinteifammetric opticei fibre sensors, SPIE. Vol. 1314 Rbre Optics '90, pp. 342- 
347.) As illustrated for a Sagnac sensor array 600 in Figure 16, in Cm, the Input light from a ^ber superfluorescent 
source 602 (or other broadband source, such as. for example, an LED) is modulated in an intensity modulator 604 
according to a pseudo-random code generated by a code generator 606. The modulated light is applied to an 
interferometric loop 608 via a 3x3 coupler 610 and propagates through a delay loop 614 and a plurality of rungs 
616(i) in an array 612. In the illustrated embodiment, each rung 616(0 includes a respective sensor 618(1). Empty 
mngs (not shown) can also be included if desired. The light returns from ttie loop via the 3x3 coupler 610 and is 
detected by a detector 620. The electrical output of the detector 620 is applied to a correlator 622 along with ttie 
output of the code generator 606. which output is delayed for a duration tcorby a delay 624. The bit duration of tiie 
pseudo-random code Is shorter than the propagation delay between adjacent rungs in the array 612. When xcor is 
equal to one of the loop travel times % through a respective rang 616(0. then the signal returning from this sensor in 
ttie rung 616(0 is correlated to the delayed pseudo-random code. The other signals, which have delays tj where 
?T}.ti7>Tbii correlate to zero. The correlation process involves, for example, multiplying the detected signal by 1 or - 
1 (or gating ttie signal in an electronic gate 630 to ttie noivinverting and Inverting inputs of a differential amplifier 
632) depending on whettier Uie correlating code Is on or off. The output of flte differenfa'ai amplifier on a line 634 is 
the correlated output The signal is ttien time averaged over a period tai^ equal to ttie duration of ttie code. The 
unconrelated signals time average to zero, ttiereby isolating ttie signal from sensor 618(0. tar is scanned to retrieve 
sequentially the signals from all sensors. 

An advantage of CDM over TDM is Oiat ttie delay between sensors does not have to be controlled 
accurately. Any loop delays x] in which hj-tj±i|>Tbit is acceptable (where xbit is ttie duration of a pulse in ttie 
code). Conelating requires a laiowledge of ttie t/s. which are easOy measured. As wrtti FDM, ttie use of a 
broadband source benefits reducing ttie phase noise virhich results from ttie addition of all ttie signals togettier. 

The foregoing described a novel design for an acoustic sensor array based on ttie Sagnac Interferometer. 
The major advantages of ttils design are Oie use of common-patti interferometers. This eliminates ttie conversion of 
source phase noise Into Intensity noise, which is prevalent In Mach-Zehnder interferometric sensors, and allows ttie 
use of a cheap, high-power ASE source or ottier broadband source. The response of ttie Sagnac sensor array as a 
function of acoustic frequency Is shown to match flie ocean noise floor. The design also allows ttie dynamic range 
to be dramatically increased without adding hydrophones by using one additional, very short delay loop. A 
technique for eliminating polarijation-induced signal fading was discussed above. The Sagnac sensor array also 
allows tiie use of several multiplexing schemes in a simpler form ttian Is achievable witt> a standard Mach-Zehnder 
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anay. Because of these features, the Sagnac sensor array design provides aW^ promising alternative to fitech- 
Zehnder-lnteiferometer-based sensor airays. 

Folded Saonac Sensor Anav 

Figures 17-20 illustrate altemative emtiodlments of a distributed acoustic sensor array based upon the 
5 Sagnac effect whteh has an archjtecture modified to reduce the distributed pick-up from the downlead fibers. In 
particular, Figure 17 lUustrates a basic folded Sagnac acoustic fiber sensor anay 700 which comprises a source 702, 
a first detector 704 and a second detector 706. Pref^ly, the source 702, the first detector 704 and the second 
detector 706 are located in the dry end of the sensor anay 700 (e.g., on shore or on board a ship). 

The source 702 generates light pulses which are coupled to a 3x3 coupter 710 via a downlead fiber 708. 
10 As illustrated, the 3^3 coupler is located In the wet end (e.g., proximate to the ocean floor). The 3x3 coupler 710 
has a first output port coupled to one end of a common fiber rung (rung 0) 712, has a second output port coupled to 
a first array input/output fiber 714 of an anay 716. and has a third output port which Is non-reflectiveiy tenninated. 
Approximately 33 percent of the light from the source 702 is coupled to each of the first and second ports of the 3x3 
coupler and thos approximately 33 percent of the light propagates to the common fiber rung 712 and approximately 
IS 33 percent of the light propagates to the array 716. As discussed above, although described herein as a 3x3 
coupler 710, other nm couplers (e.g., a 2x2 coupter, a 4x4 coupler, ete.) can be used with the embodiment of 
F^ure 17 and the aKemab've embodiments of the present invention described below. 

The array 716 comprises a plurality of rungs 718(1) (I.e., 71 8(1). 718(2) ... 718(N)) coupled between the first 
array input/output fiber 714 and a second array Input/output fiber 720. Each mng 7180) includes a respective 
20 acoustic sensor O-e., hydrophone) 722(i). The anay 716 advantageously Includes distributed ertium doped fiber 
amplifiers (EDFAs) 724, such as described above in connection with Rgure 3. (The pump source for the EDFAs 724 
is not shown in Figure 17.) Although described herein with respect to the array 716, other anay configurations can 
also advantegeously be used In the present invention. 

The second anay Input/output fiber 720 couples the anay 716 to a first port of a 2*2 coupler 730. A second 
25 end of the common rung (rung 0) 712 is coupled to a second port of the 2*2 coupler 730. Although described herein 
as an array 716 comprising plural sensors 722(1). it should be understood that the present Invention has applications 
for a sensor system having only a singte sensor 722. 

A third port of the 2x2 coupler 730 is nonreflecfively tenninated at a tenninal 732. A fourth port of the 2x2 
coupler 730 Is coupled to a delay loop downlead fiber 740. The delay loop downlead fiber 740 couples the fourth 
30 port of the 2x2 coupler to a first end of a delay loop 750. The delay loop 750 may be lotated either In the dry end as 
shown or In the wet end. A second end of the delay loop 750 Is coupled to a reflector 752 such that light exiting the 
second end of the delay toop 750 Is reflected back into the delay loop 750, propagates through the delay loop 750 
and propagates through the delay loop downlead fiber 740 back to the fourth port of the 2x2 coupler 730. The light 
returned from the loop downlead fiber 740 is divided by the 2x2 coupler 730 with substantially equal portions 
35 propagating in the common rang 712 and In the array 716 with both portions propagating toward the 3x3 coupler 
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710: The two portions are combined In the 3x3 coupler 710 where light puIR which have traveled the same 
distance through the anay 716 and through the common rung 712 Interfere and fight pulses which have traveled 
different distances do not Interfere. The signals resulting from the Inteilerence are output from the 3x3 coupler 710 
as first end second output signals which respectively propagate to the first detector 704 via a first detector downlead 
filler 770 and propagate to the second detector 706 via a second detector downlead fiber 772. The detectors 704, 
706 generate electrical output signals which are analyzed by electronics (not shown) in a convenliohal manner to 
reproduce the acoustic signals impinging on the sensois 7220). As discussed below, the signals which interfere 
within the 3x3 coupler 710 return from each sensor 722(i) at different limes, and can therefore be separated by time 
division multiplexing, frequency multiplexing, code division muKiptexing, or the like, as discussed above. The non- 
Interfering signals do not generate detectable output signals and are ignored. 

The embodiment of Rgure 17 can be fiirther modified by inserting a depolarizer (not shown) In one of the 
liber segments 712, 714 or 720 in conjunction with an unpolarized source, as described above in connection with the 
Sagnac interferometer. Such embodiments will be descnlnd below in connection with Rgures 23A. 23B and 23C. 

TTie light in a single pulse from the source 702 will now be traced through the sensor anay 700. A source 
pulse firom the source 702 is launched and travels down the source downlead 708 and through the 3x3 coupler 710 
to the common ning 712 and to the array 716. Together, the common rang 712 and the N mngs 718(1) in the array 
716 provide N+1 separate paths for the source pulses to travel to the 2x2 coupler 730. Because there are N+1 
separate paths for the source pulse to travel, the source pulse is split into N+1 separate pulses which pass through 
the 2x2 coupler 730 and travel down the delay loop downlead 740 to the delay loop 750. After passing through the 
delay loop 750, the N+l pulses are reflected by the reflector 752 and then propagate back through the delay loop 
750. down the delay loop downlead 740 to the 2x2 coupler 730 in the wet end, stiil as N+1 separate pulses. Each of 
the N+1 pulses Is again split Into N+1 pulses In the common rang 712 and the N mngs 718(1). After passing back 
through the common rong 712 and the rungs 718{i). ttie (N+1)2 pulses are combined in the 3x3 coupler 710 and 
then return down the detector downleads 770, 772 back to the dry end where the pulses are detected by the first and 
second detectors 704, 706 and analyzed. 

Because there are (N+1)2 possible separate combinations of paths from the source 702 to the reflector 752 
and back to the detectors 704. 706. there are (N+1)2 returned pulses. The only pulses that will interfere In a useable 
manner are pairs of pulses which travel the same exact path length but In opposite order. For the purposes of the 
following discussion, a pulse wHI be identified by two numbere where the firet number Mentifies the path taken by the 
pulse from the source 702 to the reflector 752. and the second number identifies the path taken by the pulse from 
the reflector 752 back to the detectore 704. 706. For exampte. the pulse 0.1 travels through the common rung (rung 
0) 712, then through the delay teop 750. to the reflector 752. back through the delay loop 750, and then through mng 
718(1). The pulse 1,0 travels first through the mng 718(1), then through the delay loop 750. to the reflector 752, 
back through the delay toop 750. and then through the common mng (rong 0) 712. Because the distance traveled 
by the pulse 0,1 Is identical with the distence traveled by the pulse 1,0. the pulse 0,1 and the pulse 1.0 interfere 
when combined at the 3*3 coupler 710 and therefore define a common-path Interferometer (l.e.. a folded Sagnac 
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jnterferometer) in the same manner as the Sagnac interferometers d^cribed aH^. Acoustic sensing results from 
the hydrophone 722(1) which is placed in rung 1 which responds to acoustic moduiation. The interfering pulses 0.1 
and 1,0 see the hydrophone 722(1) at difierent times and thus pick-up a phase difference due to the time varying 
acoustic modulation of the hydrophone 722(1). At the 3^3 coupler 710, this phase difliBrence is converted into an 
intensity modulation which Is transmitted down the detector downleads 770, 772 to the detectors 704, 706. The 
same effect occurs for the pulses 0,2 and 2,0, for the pulses 0,3 and 3,0, ete. 

Because the folded Sagnac interferometer is commorvpath, the source 702 can have a short coherence 
length, which rfteans that interference will only occur betneen pulses which have traveled nearly Identical paths. 
Therefore, pulse i,j will Interfere with pulse j,l only. As stated al)ove. there are N interferometers of interest (pulse 0,1 
interfering with pulse i,0 tor N1 to f^. There are also the many other interferometers which do not include the 
common rung (ning 0) 712 (e.g., pulse 1,2 interfering with pulse 2.1. pulse 1,3 interfering with pulse 3,1, ete.). Such 
Interfering pulses contribute noise to the useful pulses, and shall ba referred to herein as noise pulses. These noise 
pulses carry two types of noise. As with all pulses, they cany additional shot noise, ASE-slgnal beat noise (in an 
amplified anay). phase noise, eto., which increase the detected noise. The noise pulses which fomi ah unwanted 
Interferometer (pulse 1,2 interfering with pulse 2,1, etc.) also car^ intensity modulation due to Interferometric 
sensing of acoustic waves. This intensity modulation is an unwanted signal and can be viewed as a source of noise. 
It Is important to note that these unwanted interferometers have as their interfering point couplers 280(1) through 
280(N) where the rungs 218(1) ttirough 218(N) couple to the first Input/output fiber 714 of the array 716, whereas ttie 
signal pulses interfere at the 3x3 coupler 710. Because the noise pulses interfere before they reach the 3«3 
coupler 71 0 coupler, ttie intensity modulation of the noise pulses Is provided symmetrically to both detectore 704 and 
706. The signal pulses which interfere at the 3x3 coupler 710 however produce an asymmetric Intensity modulation. 
Therefore, by differentially amplifying the cunente from the detectors 704, 706, the Intensity modulation of the signal 
pulses adds and the intensity modulation of the noise pulses subtracts, ttius reducing the noise contribution of tiie 
unwanted interferometers. 

To completely eliminate all the noise added by these noise pules, ttie pulses of Interest can be separated 
from the noise pulses by using a time division multiplexing scheme and properly choosing delay lengths. In 
particular, the optical path length from the 3x3 coupler 710 through the common mng 712 to ttie 2x2 coupler 730 is 
selected to correspond to a propagation time x. The optical patti lengtti of a fiber portion from ttie 3x3 coupler to ttie 
coupler 780(1), ttirough ttie first rung 718(1). to a corresponding coupler 790(1) and to ttie 2x2 coupler 730 is 
selected to be (N+1)t. A poilion of ttie optical paUi lengtti is a common patti from ttie 3x3 coupler 710 to ttie coupter 
780(1) and from ttie coupler 790(1) to ttie 2x2 coupler 730. and a portnn of ttie optical patti tengtti Is ttirough ttie 
ning 718(1). The optical patti lengttis through each of Oie rungs 71B(i) are preferably selected to be approximately 
equal. The total lengtti of ttie optical patti from ttie coupler 780(1) to ttie coupler 780(2) and ttie optical patti from a 
coupler 790(2) to the coupler 790(1) is selected to be t such ttie totel optical patti lengtti from ttie 3x3 coupler 71 0 to 
ttie 2x2 coupler 730 ttirough the second mng 716(2) is t longer flian ttie total optical patti lengtti from ttie 3x3 
coupler 710 to ttie 2x2 coupter 730 through ttie firet rang 718(1) (lie., ttie total optical patti lengtti between ttie two 
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couplers 710, 730 through the second nmg 718(2) is (N-*-2)t). The total adffina) optical path length for each 
successive is selected to be t. Thus, the travel time of light from ttie 3x3 coupler 710 through a rung 718(0 to the 
2*2 coupler 730 is defined as the delay time T| of the rung 71 8(1). 

In accordance with the foregoing description, Tj is detennined by the optical path lengttis through the mngs 
as follows: 

Ti-x i = 0 (for the common rung 712) 

(foreachofthesensingnings 718(1). 718(2), etc. 
Prom the foregoing, it can be seen that the optical path length through the farthest aing N is [U+li)x or 2Nx. 

The duration of each pulse is selected to be no more than t. Thus, as illustrated in Figure 18, the first 
pulse 800 returned to the 3x3 coupler 710 will be the pulse which traveled through the common rung 712 (i.e., nmg 
0) from the source 702 to the reflector 752 and back to the detectois 704, 706. This pulse has a total propagation 
time of 2t. (In comparing propagation times, the propagation time of each pulse to the reflectDr 752 through the 
delay loop 750 and back is ignored because the propagation time is common to all pulses and simply operates as an 
offset (not shown) to the timing diagram in Rgure 18.) The next set 810 of pulses returned to the detectors 702, 706 
are the pulses which travel through the common rung 712 In one directton and travel through a sensing rung 718(1) 
in the opposite direction (i.e., the pulses 0,1 and 1,0; 0.2 and 2,0; 0.3 and 3.0, through 0,N and N,0). These pulses 
have respective propagation times of 2x+Nx, 3t+Nx. 4t+Nx. through (N+1)t+Nt. Thus, all the useful pulses are 
received between a time (N+2)t and a time (2N+2)x (Including tiie duration x of the last pulse received). In contrast, 
the interfering pulses which travel through a sensing rang 718(1) in botii directions (i.e., the pulses, 1,1, 1.2 and 2,1, 
1,3 and 3.1 ... 2.2. 2.3 and 3,2. ... etc.) are received as a set of pulses 820 between a time 2{U+2)x and a time 
(4i^1)T. Thus, the signal pulses are separated tpom the noise pulses. 

For example, in Figure 18, the number of returned pulses as a function of time Is plotted for N=50. As 
Illustrated, a single pulse is received at a time 2x. Thereafter, no pulses are received during the interval 3x through 
52x. Then, from 52x through 102x, two pulses are receh^ed during each time interval. The noise pulses then return 
from a time 102x to a time 201x. in tills way, ttie signal pulses are separated in time from ttie noise pulses, tiius 
preventing the noise pulses from adding noise to the signal pulses. The electronics (not shown) are readily 
synphronized to only look at ttie pulses received between ttie time 52x and the time 102t. 

It should be noted ttiat ttie source 702 can be activated to send out ttie next pulse at ttie at a time interval of 
150x relative to ttie previous pulse because ttie Ot to 50t inten^l in response to ttie next pulse can overiap tiie 
150x to 200x interval of noise pulses retoming in response to ttie previous source pulse. Thus, a next set 830 of 
useful pulses can begiri arriving at a time 201 . Tiierefore, ttio embodiment of Figures 17 and 18 has an overall duty 
cycle of roughly 1/3 for useable signal infomiation. 

The advantage of ttie folded Sagnac acoustic fiber sensor 700 over tiie Sagnac loop illustrated in tiie 
previous figures is ttiat ttie delay fiber 750 Is insensitive to modulation. Because the downleads are often quite long 
and are subjected to large movemente and vibrations, distributed downlead pickup is a potentially serious limitation 

-2^ 



wo 01/67806 ^ ^ PCT/US01/0694S 

to a Sagnac acoustic fber sensor. In the folded Sagnac acoustic fiber sensomO. tiie source 708 and detector 
downleads 770, 772 are insensitive because tiiey occur outside the interferometer. The delay loop downlead 740 is 
insensitive because aO the interfering pulses travel this same fiber separated by small time delays (approximately 
1 microsecond) and thus see flie same perturbations. Any low frequency (much less than approximately 1 MHz) 

5 modulation to the delay loop downlead and delay loop itself it seen substantially equally by both interfering pulses 
and thus does not contribute to a phase difference. The array portion 716 and the common mng 712 comprise the 
only sensitive fibers in the Interferometer 700. 

As shown in Rgure 17, the remotely pumped distributed erbium doped fiber amplifiers (EDFAs) 724 can be 
located throughout the array 216 to regenerate power, as discussed above. 

10 The 3k3 coupler 710 is used to passively bias each sensor 722(1) near quadrature and to allow source 

notee subtraction. Noise subtraction results from the fact that each detector 704, 706 Is biased on an opposite slope 
(because of the way the signals coming out of the 3x3 coupler 710 are phased with respect to each other), causing 
phase modulation to asymmetrically affect the Intensity at each detector, while source excess noise symmetrically 
affiecis the Intensity at each detector. Therefore, by differentially amplifying the detector outputs, the phase 

15 modulation induced intensity variations are added and the source's intensity noise is subtracted in the same manner 
that the signals from the unwanted interferometers would be subtracted. 

It should be understood with respect to Figures 17 and 18 that a similar time divisional multiplexing effect 
can be accomplished by providing a longer optical path length through the common rung 712 and shorter optical 
path lengths through the sensing nings 718(i). For example, the common rung 712 can advantegeously be selected 

20 to have an optical path length of 2Nx (l e., To = 2N). and the optical paths through the rungs can advantageously be 
selected to be t, 2t, 3x. . . . Nt. The foregoing can be summarized as: 
T| = 2Nt 1 = 0 (forthe common ning 712) 
Ti = It 1 i I sN (for each of the sensing mngs 718(1), 718(2), etc. 

Thus, the first signal to return will have an optical propagation time (again subtracting out the propagation 

25 time through the delay loop 750 which is common to all signals) of 2t which is the time required to pass through the 
first rung 716(1) in both directions. The longest delay of any signal which passes through one of the sensing nings 
718(i) in both directions Is 2N for a signal pulse which travels both directions through the farthest sensing rung 
718(N). The first useable signal to return is a signal which results from the interference of a signal which travels In to 
the reflector 752 through the common rung 712 and returns through the first sensing rung 718(1) with a signal which 

30 travels to the reflector 752 through the first sensing rang 718(1) and returns through the common rung 712, The 
Interference signal will arrive at a time (2N+1)t which Is later than the last unwanted signal. The last useable signal 
will arrive at a time (2N+N)t (i.e., 3Nx). Finally, a signal produced by a pulse which traveled to and from the reflector 
752 in the common rung 712 arrives at a time 4Nt, which is well separated from the useable Interference signals. 
It is desirable for acoustic sensors to have as large a dynamic range (range of detectebte acoustic 

35 modulation amplitudes) as possible. Without using demodulation techniques such as the phase-generated earner 
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of the anay, and the maximum 



detectable phase modulation (approximately 1 rad) Is set by the nonlinear response function of an Interferometer. In 
a Mach-Zehnder sensor, the mapping of acoustic modulation to phase modulation is a function of only the 
hydrophone's lesponsivity. Thus, these limits on the detectable phase modulation along with this mapping of 
acoustic modulation Into phase modulation give ttie range of acoustic modulation the sensor can detect 

In a folded Sagnac acoustic fiber sensor anay. the mapping of acoustic modulation into phase modulation 
Is a function of both the rBsponsiwty of each of the hydrophones (sensors) 722(1) and the lengtii of ttie delay loop 
750. Thus by changing the length of the delay loop 750. the dynamic range of the sensors 722(i) can be adjusted 
wittiout modifying the hydrophones 722(i) themselves. In addition, If two reflectors 742(1) and 752(2) are used, each 
sensor 718(1) can have two different delay loops 750(1) and 750(2), as shown in a sensor 850 in Figure 19. This 
allows each sensor 722(1) to return two signals which have different dynamics ranges, as discussed above with 
respect to Figures 7 and 8, thereby greatiy increasing flie total dynamic range of each sensor 722(1). The penalty is 
a reduction In duty cycle for each individual signal by a factor of 1 /(number of delay loops). 

Rgure 20 illustrates a sensor 900 which implements a phase-nulling technique similar to techniques wfhich 
have been used in fiber gyroscopes. The delay loop reflector 752 of Rgure 17 Is not used In the sensor 900 of 
Rgure 20. Rattier, the pulses are instead returned via a rehim downlead 910 into tiie previously unused port of the 
2x2 coupler 730. An optical Isolator 912 Is inserted In tiie return downlead 910 to prevent light from traveling the 
delay loop 750 in both directions. The sensor 900 of Figure 20 behaves identically to the sensor 700 of Rgure 17 
wrth the reflector 752. However, the sensor 900 allows the addition of a phase nrodulator 920 to be inserted into the 
return downlead 910. The phase modulator 920 is activated to add a phase shift to each pulse Individually. By 
feeding the detected phase shift Into the phase modulator 920 via a differential amplifier 922, phase changes are 
nulled out, and the required applied phase shift in the phase modulator 920 becomes the signal. In this phase 
nulling mettiod, the dynamic range of the anay 900 is Rmited only by the maximum phase shift that the phase 
modulator 920 can proiMe. 

Rgure 21 illustrates a fijrther altemative embodiment of Rgure 19 in which ttie two delay loops 750(1) and 
750(2) are not connected to the same delay loop downlead. Rather, ttie first end of ttie first delay loop 750(1) is 
connected to a first delay loop downlead 740(1) which Is connected to the fourth port of ttie 2*2 coupler 730 as in 
Figure 19. The second end of ttie first delay loop 750(1) is coupled to Oie first reflector 752(1) as before. The first 
end of ttie second delay loop 750(2) Is coupled to ttie ttiind port of tiie 2x2 coupler 730 via a second delay toop 
downlead 740(2), and ttie second end of ttie second delay loop 750(2) is coupled to ttie second reflector 752(2). 
Approximately half ttie light from ttie 2x2 coupler 730 Is coupled to each of ttie downleads 740(1), 740(2). The light 
In each downlead 740(1), 740(2) is delayed in ttie respective delay toop 750(1), 750(2) and Is reflected back to ttie 
2x2 coupler 730 as before. The reflected light is coupled to the common rung 712 and to ttie array 716. The delays 
of the delay loops 750(1), 750(2) are selected so none of ttie N+1 pulses which propagate from ttie fourtti port of Uie 
2x2 coupler 730 flirough ttie firet delay toop 750(1) overlap in time witti any of ttie N+1 pulses which propagate from 
ttie ttiird port of ttie 2x2 coupler 730 ttirough ttie second delay loop 750(2). Thus, ttie embodiment of F^ure 21 
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provides similar functionaiity tome embodiment of Figure 19; however, the emtSRent of Rgure 21 utilizes the light 
which was coupled out of the third port of the 2x2 coupler 730 in Figure 19 and discarded. 

Rgure 22 illustrates an alternative emlwdiment of a fiber optic acoustic sensor system 1000 using a folded 
Sagnac sensor array. In the system 1000. a source 1004 Is coupled to a first port of a 2x2 polarization maintanlng 
coupler 1006 by an X-poiarizer 1008. A detector 1002 is connected to a second port of the 2x2 coupler 1006 m a 
X-polarizer 1010. A second detector (not shown) may advantageously tie included In the emtxsdiment of Figure 22 
by coupling light from the fiber leading to the source 1004. The X-polaiizer 1008 only passes light from the source 
1004 having a first polarization (e.g., an X-polarization). Thus, the polarization maintaining coupler 1006 receives 
light having an X-polarization from the source 1004 and couples the Ught to a common rung 1020 via a thini port and 
to a sensor anay 1022 via a fourth port. The sensor anay 1022 has a similar structure to the sensor array 716 of 
Rgure 17. and like elements have been numbered accordingly. 

Note that the two X-polarizere 1008. 1010 can be replaced by one or more X-polarizers in alternative 
iocafions In the system 1000. 

The common rung 1020 is coupled via an X-polarizer 1030 to a first port of a second polarization 
maintaining 2x2 coupler 1032. The light propagating to the array 1022 first passes through a depolarizer 1034 and 
then to the first input/output fiber 714. The depolarizer 1034 couples substantially equal amounts of the X polarized 
light to Y polarized light and to Y polarized light. Thus, approximately 50 percent of the light propagates In the anay 
1022 as X-polarized light, and approximately 50 percent propagates in the array 1022 as Y-polarized light 

After passing through the mngs of the anay 1022, the light propagates via the second Input/output fiber 720 
and a Y-polarizer 1040 to a second port of the second coupler 1032. The Y-polarizer 1040 allows only Y-polarized 
light to enter the second coupler 1032. The coupter 1032 combines the light from the anay 1022 and from the 
common rung 1020 Approximately half the Hght entering the coupler 1032 is coupled via a third port of the coupler 
1032 to a light absort)fng termination 1042. and approximately half of the light is coupled to a downlead fiber 1050 
which propagates the light to a firet end of a delay loop 1052^ 

Light passes through the delay loop 1052 to a Faraday rotating mirror (FRM) 1054. The operation of the 
Faraday rotating mirror 1054 is well known and will not be described in detail. Basically, when light is incident onto 
the Faraday rotating mirror 1054 in one polarization, it is reflected In the orthogonal polarization. Thus, the 
X-poIarized light which passed through the common mng 1020 is reflected as Y-polarized light, and the Y-polarized 
light which passed through the anay is reflected bs X-polarized light. 

The reflected light passes back through the delay 1052 and enters the fourth port of the coupter 1032. The 
light is coupled to the common rung 1020 and to the anay 1022. The X-polarizer 1030 In the common rung passes 
only the light In the X-polarization which originally propagated through the amay 1022. Simltariy, the Y-polarizer 
1040 in the array 1022 passes only Y-^wlarized light whksh originafly propagated through the common mng 1020. 

After propagating through the array 1022, the returning Y-polarized light is depolarized in the depolarizer 
1034 to produce both X-poterized Kght and Yiwlarized HghL The fight from the common mng 1020 enters the third 
port of the coupler 1006. and light from the depolarizer 1034 enters the fourth port of the coupter 1006. The light 
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combines in the coupler, and K(-polarized l^ht from the two ports which h^roveied the same optical distance 
interferes and Is coupled to the fiist and second ports. The portion coupled to the second port propagates through 
the X-polanzer 1010 to the detector 1002 where the Interfering signals are detected. 

It should be understood that only the light which originally traveled different pattis to and from the Faraday 
rotating minor 1054 interferes at the coupler 1006. The only r^ht allowed to propagate through the common rung 
1020 In the reflected direction is X-polarized light which originally propagated in the array 1022 as Y-polaiized light 
Similarly, the only light allowed to propagate through any of the aings of the array 1022 In the reflected direction is 
Y-polarized Tight which originally propagated in the common rung 1020 as X-polarized light. Potentially interfering 
light cannot travel through the rungs in both directions to produce the noise signals described above in connection 
with the above-descfibed embodiments. Thus, each of the pulses generated in the array 1022 from the reflected 
pulse that originally traveled In the common rung 1020 can interfere with only a single one of the putees which was 
originally generated in the array 1022 and which propagated in the common rung 1020 after it was reflected. Thus, it 
is not necessary In the embodiment of Rgure 22 to include additional delays to separate the useable signal pulses 
from noise pulses. 

Figures 23A, 23B and 23C Illustrate further alternative embodiments of the present invention. A sensor 
array 1 100 In the embodiments of Figures 23A, 23B and 23C is similar to the sensor array 700 in the embodiment of 
Rgure 17, and like elements have been numbered accordingly. The embodiments of Rgures 23A, 23B and 23C 
Include an unpolarized source 1 102. The 2x2 coupler 730 of Figure 17 is replaced with a polarization beam splitter 
(PBS) 1104 In Rgures 23A, 23B and 23C. The use of the polarization beam splitter 1104 saves approximately 6 dB 
of power compared to the coupler 730 in Figure 1 7 and the coupler 1 130 in Rgure 22. The reflector 752 in Rgure 17 
is replaced with a Faraday rotetlng mirror (FRM) 1 106, which Is similar to the Faraday rotating mirror 1054 of Figure 
22. The 3x3 coupler 710 In Figures 23A, 23B and 23C does not have to be a polarization maintaining coupler. 

Each of Figures 23A. 23B and 23C Includes a depolarizer 1110. In Figure 23A. the depolarizer 1110 is 
located on the first array Input^output fiber 714. In Rgure 23B, the depolarizer 1110 Is located on the common rung 
712. In Figure 23C, the depolarizer 1 1 10 is located on the second array Input/output fiber 720. 

In the embodiment of Rgure 23A, light from the unpolarized source 1102 enters the 3x3 coupler 710 and Is 
coupled in approximately equal portions to the common rung.712 and to the first array input/output fiber 714. As 
discussed above In connection with Rgures 3 and 17, the use of the 3*3 coupler provides passive biasing near 
quadrature. The light propagating in the first array input/output fiber 714 passes through the depolarizer 1110, which 
has the effect of causing substantially half of the light entering the array In one polarization (e.g.. the X-polarization) 
to be coupled Into the orthogonal polarization (e.g., the Y-polarization). and Hkewise half of the Hght entering the 
array In the Y-poIarization to be coupled to the X-polarization. Thus, after the depolarizer 1110, half of the light In 
the X-polarization originated in the X-polarization and the other half of the light In the X-polarization originated In the 
Y-polarization. Ukewlse, after the depolarizer 1110. half of the light In the Y-polarizatiori originated In the Y- 
polarization and the other half of the fight In the Y-polarizalion originated In the X-polarizatlon. Effecfively, the 
depolarizer 1110 scrambles the unpolarized light 
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The Bght passes through the array 716 in the manner described ^e in connection with the other 
emt)odiment5. Ihe light exiting (he array 716 propagates through the second array input/output fiber 720 to a first 
port 1 121 of the polarization beam splitter 1 104. The polarization beam splitter 1 104 splits the incident light into the 
two orthogonal polarizations (i.e., the Xiiolarization and the Y-polailzation). For the purpose of this discussion, it is 
assumed that the polarization beam splitter 1104 operates like a polarization-dependent mirror oriented at 45°, 
wherein light entering the first port 1121 In one polarization (e.g.. the X-polaiization) is reflected to a second port 
1122 and light entering the first port 1121 in the other polariz^on (e.g., the Y-polarization) is transmitted to a third 
port 1123. In the embodiment shown, the light exiting the second port 1122 is nonreflectively absorbed by the 
temnlnator 732. The Y-polarized light exitirtg the third terminal 1123 propagates through the delay loop downlead 
fiber 740. through the delay loop 750 to the Faraday rotating mirror 1106. Note that this Y-polarized I'^ht from the 
array portion 716 traveled through' the depolarizer 1110 and half of it was originally X-polarized light and half of It 
was originally Y-pblarized light As discussed above, the Faraday rotating mirror 1 108 causes the Incident light to be 
coupled to the orthogonal polarization. Thus, the Y-polarized light is coupled to the X-polarization. 

The X-poiarized light reflected by the Faraday rotating minor 1106 passes through the delay loop 750 and 
the delay loop downlead fiber 740 back to the third port 1123 of the polarization beam splitter. Because the light is 
now in the X-polarization, the light is reflected to a fourth port 1124 rather thar^ being transmitted to the first port 
1 121. Thus, the Y-polarized light which was originally incident on the polarization beam splitter from the anay 716 is 
coupled to the common rung 712 to propagate back to the 3x3 coupler 710 In the X-polaHzation. 

Unpolailzed light which propagates from the 3^3 coupler 710 to the polarization beam splitter 1 104 via the 
common mng 71 2 enters the polarization beam splitter 1104 via the fourth port 1 124. The components of the light in 
the Y-polarization are transmitted to the second port 1122 and are nonreflectively tenninated by the terminator 732. 
The components of the Hght in the X-poiarization are reflected to the third port 1123 and propagate to the Faraday 
rotating mirror 1106 via the delay loop downlead fiber 740 and the delay loop 750. (The reason for including the 
depolarizer 1110 can now be understood. Because only the X-polarized light from the common rung 712 is coupled 
to the delay loop downlead fiber 740, ttie depolarizer 1110 ensures that the light coupled from the array 716 to the 
delay loop downlead fiber 740 also Includes some light which was originally XiJolarized.) The Faraday rotating 
minor 1106 reflects the light as Y-poIarized light, and the Y-poIarized light propagates through the delay loop and 
the downlead fiber to the third port 1 1 23 of the polarization beam splitter 1 1 04. 

The Y-polarized light Incident on the third port 1123 of the polarization beam splitter 1104 is transmitted to 
the first port 1 121 and thus to the second array input/output fiber 720. The Y-polarized light propagates through the 
array 716 to the first array input/output fiber 714 and then passes through the depolarizer 1110 to the 3x3 coupler 
710. The depolarizer 1110 operates to convert approximately 50 percent of the Y-polarized Bght to X-polarized light 
The X-polarized light from the depolarizer 1110 Interferes vnth the X^wlarized light firom the common rung 712. The 
resulting combined light is detected by the detector 704 or the detector 706 In accordance with the phase 
relationship between the interfering light signals in the 3x3 coupler 710. 
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Note that the X-po»lzed fight incident on the 3x3 coupler 710 K the depolarizer 1110 and the 
X-polarized light from the common rung 712 travel Identical path lengths. For example, fight which propagates 
through the common ning 712 first, propagates in the X-polarization tiirough the common rung 712 and then 
propagates through the array 716 in the Y-polarization. On the other hand, the light which propagates through the 
array 716 first propagates in the Y-polarization through the array 716 and then propagates in the X-polarization 
through the common rung. Because the two 'counterpropagating' light signate are in the same polarizations when 
propagating through the conesponding portions of the Interferometric path, the propagation lengths are identical 
except for the effect of incident noise sensed by the array 71 6. 

it should be understood that the tenninator 732 coupled to the second port 1122 of the polarization bem 
splitter 1104 can be replaced with a second delay loop (not shown) and a second Faraday rotating minor (not 
shown) to provide a second interferDmetric paith for light which Interferes in the Y polarization. By adjusting the 
delay provided by the second delay loop, the return signals from the second interferometric path can be precluded 
fivm overlapping with the return signals from the first interferometric path. 

The embodiment of Figure 23B is similar to the eml)odiment of Figure 23A except that the depolarizer 1110 
is positioned in the common rung 712. The effect of the depolarizer 1110 Ih Figure 23B is (1) to cause a portion of 
the light In the common wng 712 returning from the polarization beam splitter 1104 in a single polarization (e.g., the 
X-ptolarization) to be coupled to the orthogonal polarization and (2) to scramble the unpolarized light which travels 
from the 3x3 coupler 710 through the common rung 712 tovrards the polarization beam splitter 1104. This ensures 
that the light interferes when It recombines at the 3x3 coupler 710 (the same reason the depolarizer 1110 was 
added to the fiber 714 of Figure 23A). 

The embodiment of Figure 23C is also similar to the embodiment of Figure 23A except that the depolarizer 
1110 Is positioned in the second array input/output fiber 720. The embodiment of Figure 23C is lunctionally 
equhralent to the embodiment of Rgure 23A because it does not matter whether the light passes through the array 
portion 71 6 and then passes through the depolarizer 1 1 10 or passes through the depolarizer 1 1 1 0 and then passes 
through the array port'on 716. Thus, the function of the embodiment of Rgure 23C is substantially the same as the 
function of the embodiment of Rgure 23A, as described above. 

Figure 24 illustrates a further aRemathre embodiment of the present invention In which a folded Sagnac 
sensor array 1200 Includes the polarization beam splitter (PBS) 1104. the Faraday rotating minor (FRIVI) 1106. and 
the depolarizer 1110 connected as shown In the anay 1100 In Figure 23A. Other components from Figure 23A are 
also numbered as before. Unlike the array 1100 iii Rgure 23A which has the 3x3 coupler 710. the folded Sagnac 
sensor array 1200 has a polarization maintaining (PM) 2x2- coupler 1220 connected In lilce manner as the 2x2 
coupler 1006 in Rgure 22. One port of the 2x2 coupler 1220 is connected to a first port of an optical circulator 1222 
via a firet polarizer 1224. A second port of the optical circulator 1222 Is connected to a first detector 1226. A third 
port of the optical circulator 1222 is connected to an unpolarized source 1228 (e.g., an intensity modulated fiber 
superiiuorescent source). A second port of the 2x2 coupleir 1220 fe connected to a second detector 1230 via a 
second polarizer 1232. The detectors 1226 and 1230 and the unpolarized source 1228 are connected to the 
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circulator 1222 by standard (nnpolarization maintaining) fibers. The polaiize^&4 and 1232 are coupled to the 
polarization maintaining coupler 1220 via the polarization maintaining liber such that the polarizers 1224; 1232 are 
aligned with a saine axis of the polarization maintaining 2x2 coupler 1220. AKematively, if a polarized source is 
used in place of the unpoiarized source 1228. the polarized soun» (not shown) Is connected to a polarization 
5 maintaining circulator (not shown) by polarization maintaining fiber, and the polarization maintaining circulator is 
connected to the polarizer 1224 by polarization maintaining fiber. The polarization maintaining components are 
connected such that the polarized light from the source passes through the polarizer 1224. The connections from 
the polarization maintaining circulator to the detectors 1226 and 1230 are provided by standard (not polarization 
maintaining) fibers. 

10 The folded Sagnac sensor anay 1200 further includes a non-reciprocal phase shriier 1250. The phase 

shifter 1250 is coupled to the common rung 712 via a first optical fiber 1252 having a first end 1254 and a second 
end 1256 and via a second optical fiber 1258 having a first end 1260 and a second end 1262. The first end 1254 of 
the first optical fiber 1252 is coupled to the common mng 712 proximate to the 2x2 coupler 1220 via a first coupler 
1264. The first end 1260 of the second optical fiber 1258 is coupled to the common rung 7li2 proximate to the 

15 polarization beam splitter 1104 via a second coupler 1266. The respective second ends 1256, 1262 of the first and 
second optical fibers 1252, 1258 are coupled to the phase shifter 1250. as discussed below in connecfion with 
Figures 25 and 26. 

Preferably, the common rung 712, the first fiber 1252 and the second fiber 1258 are polarization 
maintaining (PM) fibers, and the first coupler 1264, the second coupler 1266 and the 2*2 coupler 1220 are 
20 polarization maintaining (PM) couplers. Also, preferably, ttie first coupler 1264 and the second coupler 1266 are 
50/50 couplers which couple approximately 50 percent of the light entering the common rung 712 in either direction 
to the phase shifter 1250 while approximately 50 percent of the light remains in the common njng. Thus, the non- 
reciprocal phase shifter 1250 and the associated fibers form a second rung 1268 in parallel with the common mng 
712. 

25 Preferably, one of the mngs 712. 1268 (e.g., the common njng 712) includes a delay element (e.g., a delay 

loop 1269) that Introduces a time delay In one mng sufficient to prevent the pulses propagating through the mngs 
from overlapping. Thus, the light returning to 2«2 coupler 1220 from the sensor array 716 comprises two pulses for 
each sensor that are spaced apart in time from each other. One pulse comprises the combined light that passes 
through the common rung 712 (n each direction. The other pulse comprises the combined light that passes through 

30 the non-reciprocal phase shifter 1250 In each direction. It should be understood that the light pulse that passes 
through the phase shifter 1250 in one direction and the Bght pulse that passes through the common mng 712 In the 
other dlrBcHon have substantially different propagation times and vinli not overlap in the coupler 1220. Thus, they will 
not interfere. 

The light that passes though the common mng 712 in one direction doss not undergo any phase shift within 
35 the common mng 712 relative to the light that passes through the common mng in the other direction. Thus, the 
combined Dght that passes through the common mng 712 in both directions has a relative phase bias of zero. 
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However, as discussed below, the non-redprocal phase shifter 1250 does Introduce a shift of the light in one 
direction with respect to the light in the other direction. In particular, in a preferred embodiment, the phase shifter 
1250 Introduces a relative nl2 phase shift between the light In the two directions. Thus, the fight entering the coupler 
1220 that has propagated through the phase shifter 1250 in both directions will combine In the coupler 1220 vrith a 
s n/2 phase bias. 

One skilled In the art will appreciate that the 50 percent coupler 1220 In the interferometrtc configuretlon 
shown In Figure 24 couples returning light to the output port corresporiding to the origina) input port when the 
returning tight at the two input ports Interferes In the coupler and has a rsiat've phdse difference of 0. 2n. 4r, etc., 
and couples returning light to the other output port when the light has a relative phase difference of n, 3ii. 5n, etc. 

10 When the returning light has a relative phase difference that is not a multiple of n, a portion of the returning light is 
output from both ports. For example, when the relative phase difference is an odd multiple of idZ (e.g., 7i/2, ZidZ, 
etc.), approximately 50 percent of the returning light is coupled to each output port. By providing two Independent 
propagation paths, each detector 1226, 1230 receives two signals that are spaced apart In time and can therefore 
be separately detected. One signal has a 0 phase bias, and one signal has a n/2 phase bias so that when one 

15 signal Is least sensitive to perturt)ation. the other signal is most sensitive to perturt)ation. and vice versa. It should 
be underetood that additional njngs In parallel with the oommon ning 712 and with difiering amounts of relative 
phase shift can be Included to provide pulses with different phase biasing. 

Rgure 25 Illustrates an altematlve configuration of a folded Sagnac sensor array 1200', which is 
substantially similar to the folded Sagnac sensor array 1200 of Figure 24. In the folded Sagnac sensor array 1200' 

20 of Figure 25, the depolarizer 1 1 10 is located in the second array input/output fiber 720 rather than in the first array 
Input/output fiber 714. Because of the reciprocal sinjclure of the sensor array 716, the relocation of the depolarizer 
1110 to the fiber 720 does not change the overall operation of the folded Sagnac sensor array 1200' with respect to 
the operation of the folded Sagnac sensor array 1200. Thus, the operation of the folded Sagnac sensor array 1200' 
wOl not be described In detaO herein. 

25 The embodiments of Rgures 24 and 25 Include the sensor array 716. which was descnled In detail above. 

It should be understood that other configurations of amplified sensor arrays can also be used in place of the sensor 
anay 716 in the embodiments of Figures 24 and 25. 

Figure 26 Illustrates a first prefened embodiment of the non-redprocal nlZ phase shifter 1250 of Figures 24 
and 25. As illustrated in Figure 26, the phase shifter 1250 comprises a first collimating lens 1270. a first 45° 

30 Faraday rotator 1272, a quarter-wave plate 1 274. a second 45° Faraday rotator 1 276, and a second collimating lens 
1278. In the illustrated embodiment, the first Faraday rotator 1272, the second Faraday rotator 1276 and the 
quarter-wave plate 1274 comprise bulk optic devices that are commercially available, but may advantageously 
comprise fiber optic or other waveguide devices. The collimating lenses 1270. 1278 are positioned proximate to 
second ends 1256, 1262 of the PM fibers 1252, 1258 to focus fight from ttie fiber ends 1256, 1262 onto the Faraday 

35 rotatore 1272. 1276, respectively, and to focus light from the Faraday rotatore 1272, 1276 Into the fiber ends 1256, 
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1262. Each of the Faraday toSs 1272, 1276 operates in a well-known mann^o cause light input to the Faraday 
rotator with its polarization at a particular angle to have the polarization rotated so that the polarization is at a new 
angle rotated by a prsdetemiined amount with respect to the original angle. For example, In the preferred 
emtiiodiment, each Faraday rotator 1272. 1276 rotates the polarization of the Incident Tight by 45" in tiie 
countercloclwise (ccw) direction. Thus, as illustrated in Figure 26. light emitted from the end 1256 of the PM fiber 
1252 having its polarization oriented horizontally, wilt be rotated by 45° counterclockwise in the first Faraday rotator 
1272 such that the polarization Is oriented at an angle of 45° In the dockwise direction with respect to the original 
orientation when it emerges from the first Faraday rotator 1272. 

The quarter-wave plate 1274 is positioned between the two Faraday rotators 1272, 1276. Tlie quarter- 
wave plate 1274 has a first birefringent axis 1280 and an orthogonal second birefringent axis 1282. Ught 
propagating in a polarization oriented along one birefringent axis (e.g., the first birelnngent axis 1280) has a slower 
propagation velocity' than the light propagating In a polarization oriented along the other birefringent axis (e.g., the 
second birefringent axis 1282). The quaiter-wave plate 1274 is oriented so that the first birefringent axis 1280, for 
example, is oriented at 45" in the clockwise direction to the vertical, and is therefore oriented so ttiat the light 
emerging from the first Faraday rotetor 1272 is oriented along the first birefringent axis 1280 and is orthogonal to the 
second birefringent axis 1262. Because of the difference in propagation velocities along the two axes, Oie quarter- 
wave plate 1274 introduces a 7i/2 or 90" phase shift In the light polarized along the first birefringent axis 1280 with 
respect to the light polarized along the second birefringent axis 1282. Thus, in accordance with this example, the 
light that originally propagated In the horizontel polarization that was rotated to be in alignment with the first 
birefringent axis 1280 incurs a relative phase shift of 90* wKh respect to any light that propagates along tiie second 
birefringent axis 1282. 

After passing through the quarter-wave plate 1274, the light passes through the second Faraday rotator 
1276 and Is again rotated by 45" In the counterolockwise direction. The fight emerging from the second Faraday 
rotator 1276 passes through the second colllmating lens 1278 and is focused Into tt)e second end 1262 of the 
second PM optical fiber 1258. It should be understood ftom ttie foregoing description that any light output from the 
first PM optical fiber 1252 In the horizontal polarization enters ttie second PM optical fiber 1258 in the vertical 
polarization. As discussed above, the light entering ttie second PM optical fiber 1258 in the vertical polarization will 
have propagated along the slow birefringent axis 1280 of ttie quarter-wave plate 1274 and will Incur a relative 7i/2 
phase difference witii respect to light that propagates atong the fast birefringent axis 1282. 

As Indicated by its description, the non-reclprocal phase shifter 1250 operates in a norweciprocal manner 
because of Oie operation of ttie Faraday rotetors 1272, 1276. As described above, the light passing through ttie 
Faraday rotetors 1272, 1276 from the first PM fiber 1252 to ttie second PM fiber 1258 is rotated 45" 
counterctockwise by each rotetor witti respect to ttie direction of propagation of ttie light shown In Rgure 25. If ttie 
Faraday rotators were reciprocal, fight propagating ttirough ttie Faraday rotatore 1272, 1276 in ttie opposite direction 
would also be rotated In ttie counterclockwise direction wHh respect to ttie direction of propagation of ttie tight; 
however, because ttie Faraday rotetors are nonneclprocal, the light is rotefed in ttie opposite direction (Le., 
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clockwise with respect to the propagation direction of the fight). The non-recipraSl effect is illustrated in Figure 27 
for light passing from the second end 1262 of the second PM fiber 1258. through the norHeciprocal phase shifter 
1250, to the second end 1256 of the first PM fiber 1252. Note that when viewed as in Rgure 27, the rotation 
appears to again be in the countercloclcwise direction; however, the Oght is now propagating toward the viewer. 
Thus, light emitted from the second end 1262 of the second PM optical fiber 1258 in the vertical polarization p^es 
through the second ooOimating lens 1278 and through the second Faraday rotator 1276 and is rotated to an 
orientation in alignment with the second {faA) birefringent axis 1282 of the quarter-wave plate 1274. Thus, the light 
originally in the vertical polarization does not experience a relative delay as it propagates through the quarter-wave 
plate 1274. After passing through the quarter-wave plate, 1274, the light passes through the first Faraday rotator 
1272 such that the light is rotated an additional 45° to the horizontal polarization. The light is then focused through 
the first collimating lens 1270 onto the second end 1256 of the first PM optical fiber 1252. 

From the foregoing, it can be seen that the horizontally polarized light passing in the first direction from the 
first PM fiber 1252 to the second PM fiber 1256 via the non-feciprocal phase shifter 1250 propagates through the 
slow birsfnngent ads 1280 of the quarter-wave plate 1274 and experiences a relative phase delay of 90" or id2. 
The horizontally polarized light propagating in the first direction is rotated such that that the light is oriented In the 
vertical polarization when it enters the second PM fiber 1258. Conversely, vertically polarized light passing from the 
second PM fiber 1258 to the first PM fiber 1252 via the non-reciprocal phase shifter 1250 In the second direction 
propagates through the fast birefringent axis 1282 of the quarter-wave plate 1274 and does not experience a relative 
phase delay. The vertically polarized light propagating in the second direction is rotated such that the light Is 
oriented in the horizontal polarization when It enters the first PM fiber 1252. As will be discussed more fully below, 
the relative phase shift between the hortzontaUy polarized light propagating In the first direction with respect to the 
vertically polarized light propagating in the second direction provides a id2 phase bias. 

Figures 28 and 29 iHustiate an alternative embodiment of the non-reciprocal phase shifter 1250, in which 
the first Faraday rotator 1272 is positioned between the quarter-wave plate 1274 (now referred to as the first quarter- 
wave plate) and a second quarter-wave plate 1294. In Rgure 28, light fium the second end 1256 of the first PM fiber 
1252 is collimated by the first collimating lens 1270, as before. The light Is originally in the horizontal polarization. 
When the light passes through the first quarter-wave plate 1274, It Is converted to light having a ciroular polarization. 
The circular polarized light passes through the first Faraday rotator 1272, which causes the circularly polarized light 
to incur a phase shHt of 4>. In the prefened embodiment, the first Faraday rotator 1272 is selected to cause a phase 
shrfl of 7i/4. The light from the Faraday rotator 1272 remains drculariy polarized and passes through the second 
quarter-wave plate 1294. which converts the circularty polarized light to iineariy polarized fight in the vertical 
polarization orientation. In addition to being in the vertical polarization, the light has experienced a phase shift of ^ 
(e.g.,n/4). 

Figure 29 illustrates the operation of the altematwe embodiment of the nonniBciprocai phase shifter 1250 
for light propagating In the opposite direction. In Figure 29, vertically polarized light ftom the second end 1262 of the 
second PM fiber 1260 Is collimated by the second coHimating lens 1278 and passes through the second quarter- 
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light to light having a circular 



polarization. The circularly polarized light passes through the first Faraday rotator 1272 and experiences a pha% 
shift as before. Because the light is propagating through the first Faraday rotator 1272 In the opposite direction, the 
light experiences an opposite phase shift of -<|> (e.g., ^4). The light from ihe first Faraday rotator 1272 then passes 
through the first quarter-wave plate 1274, where the circularly polarized light Is converted to linearly polarized light 
with a horizontal polarization. Thus, the r^ht propagating In the two directions experiences a total relative phase 
shift of 2({) (e.g., 7i/2), which has the same efiect as the first emtndiment of the non-reciprocal phase shifter 1250 
illustrated In Figures 26 and 27. 

The effect of the non-reciprocal phase shifler 1250 on the orientation of the polarization and the phase 
delay provides the t)taslng effect described above and explained again In connection virith Rgure 24. As shown in 
Rgure 24, the light entering the second Pi\^ fiber 1258 In the vertical polarization is combined at the second PM 
coupler 1266 with the light that propagated through the common mng 712 from the first PM coupler 1264 to the 
second PM coupler 1266. For reasons that will become apparent in the following discussbn, it is desirable that the 
light entering the second PM coupler 1266 from the common ning 712 have the same polarization as the light 
entering the second PM coupler from the second PM fiber 1258. Thus, in the.prefened embodiment, either the 
second PM fiber 1258 or the common rung 712 is rotated by 90° so that the light in the vertical polarization In the 
second PM fiber 1258 Is oriented in the same direction as the light in the horizontal polarization of ttw common mng 
712. This is readily accomplished by rotating the second end 1262 of the second PM fiber 1258 proximate to ttie 
second colllmating lens 1278 so that ttie vertically polarized Hght enters the second end 1262 wfth its state of 
polarization oriented along tite horizontal polarization axis of ttie second PM fiber 1258. Thus, the fight that exits Oie 
no^reclproca! phase shifter 1250 In the vertical state of polarization is applied to ttie coupler 1266 as light in ttie 
horizontal state of polarization wKh respect to the polarization axes of ttie coupler 1266. Accordingly, ttie light from 
ttie non-reciprocal phase shifter 1250 has ttie same state of polarization as Oie light from tiie common mng 71 2. 

The light Uiat passes ttirough ttie common mng 712 and ttie light ttiat passes tiirough ttie non-reciprocal 
phase shifter 1250 next enter tiie port 1124 of ttie polarization beam splitter (PBS) 1 104. The light in ttie horizontal 
polarization is output from ttie port 1 123 of ttie PBS 1 104 to tiie fiber 740. The fiber 740 Includes ttie delay loop 750 
and is temilnated at Oie Faraday rotating mirror (FRM) 1106. fhe delay loop 750 and ttie FRM 1106 operate as 
discussed above, and ttie reflected and delayed pulses are rehimed to ttie port 1 123 of ttie PBS 1104 In ttie vertical 
polarization. The pulses are output fioom ttie port 1121 of tiie PBS 1104 io ttie array 716 via ttie fiber 720 and 
propagate in ttie clockwise direction Oirough ttie sensors 722(0 of ttie array 716. 

The pulses are output ftom ttie array 716 via ttie fiber 714 and ttie depolarizer 1110 to ttie 2*2 coupler 
1220 where Oie clockwise propagating light is combined witti ttie counterclockwise propagating light. The 
counterpropagating light also starts out as horizontally polarized light The fight is depolarized and passes ttirough 
ttie sensor anay 716. Ught emerging from ttie sensor anay 716 in ttie vertical polarization is reflected by ttie PBS 
1123 and is discarded via ttie port 1122 and Oie terminator 732. Ught emerging from ttie sensor array 716 in ttie 
horizontal polarization passes Oirough ttie PBS 1123. is delayed by Oie loop 750. and is rotated to ttie vertical 



-40- 



wo 01/67806 PCT/US01/0694S 

polarization by the FRM lioeiine return light, which Is in the vertical polarizaK is reflected by the PBS 1123 to 
the port 1124 and is thus directed to the second PM coupler 1266. A portion of Oie light passes through the delay 
loop 1269 of the common rung 712 and a portion of the light passes through the non-reciprocal phase shifter 1250. 
As discussed above, light entering the non-reciprocal phase shifter 1250 in the vertical polarization propagates 

5 through the fast birefringent axis 1282 of the quarter-wave plate 1274 (Figure 27) and does not experience a relative 
phase delay. Thus, the two pulses of counteroloclcwise Fight propagate to the coupler 1220 where they are 
combined wth the clockwse propagating light pulses. The tight signals that passed through the common mng 712 
and the delay loop 1269 in both directions experience no relative phase shift and combine as discussed above. The 
light signals that passed through the non-redprocai phase shifter 1250 in both directions experience a relative phase 

10 shift of n/2 between the clockwise propagating signal and the counterolockwise propagating signal and thus have a 
idZ phase bias, as discussed above. At both outputs of the coupler 1220, a portion of the two pulses of light 
returning from the sensor anay 1200 Is directed to the polarizer 1224, and the remaining portion Is directed to the 
polarizer 1232. The role of the two polarizers 1224 and 1232 is to ensure that the light entering the loop has the 
same polarization as the light leaving the loop, which guarantees reciprocity. As described eariier, ttie two pulses 

15 reaching the detector 1230 are in phase quadrahjre, which altows the use of a number of signal processing 
techniques weli-known In the art to avoid signal fading. Similar comments apply to the detector 1226. In the 
embodiment of Figure 24, the generation of two pulses in phase quadrature is the main reason for incorporating the 
rung containing the non-reciprocal phase shifter 1250. 

Rgures 30-36 illustrate further altematlve embodiments of the present Invention in which a folded Sagnac 

20 sensor array utilizes polarization-based biasing for mulUple detectors, wherein each detector has a bias point which 
can be set Independently of the bias polnte of the other detectors. The embodiments of Figures 30-36 include the 
sensor array 716, which was described In detell above. It should be understood that other configurations of 
amplified sensor arrays can also be used in place of the sensor anay 716 in the embodiments of Rgures 30-36, 

In a folded Sagnac sensor anay 1300 illustrated in Figure 30. a polarized fiber supertluorescent source 

25 (SFS) 1310 Is coupled to a polarization controller 1312 via a fiber 1314. The fiber 1314 further couples the 
polarization controller 1 31 2 to a first port of a 2x2 coupler 1 316. A second port of the coupler 1 316 is an output port, 
which will be discussed below. A third port of the coupler 1316 is coupled via a fiber 1318 to a non-reflective 
terminator 1320. A fourth port of the coupler 1316 Is coupled to a first port 1 330 of a polarizaiion beam splitter (PBS) 
1332 via a common anay input/output fiber 1334. A second port 1336 of the polarization beam splitter 1332 is 

30 coupled to a first horizontel polarizer 1338. The first horizontel polarizer 1338 is coupted to the second array 
InpuVoutput fiber 720 of the array 716. A thInJ port 1340 of the polarization beam splitter 1332 is oonnecfed to a 
common delay fiber 1342. which Is fbnned into a delay loop 1344 and which is temilnated at a Faraday rotating 
mirror (FRIVi) 1346. A fourth port 1348 of the polarization beam spfitter 1332 Is coupted to a second horizontal 
polarizer 1350 and then to a depolarizer 1352. The depolarizer 13521s coupted to the first array input/output fiber 

35 714. 
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The second port of the coupler 1316 is coupled to a detector subsyiBn 1360 via a fiber 1362. In the 
eml)odimentof Rgure 30, the detector sutisystem 1360 oompiises a Ixn coupler 1364 which has a single input port 
that recehres.the Oght from the second port of the coupler 1316. A first output port of the Ixn coupler 1364 is 
coupled to a polarization controller 1366. The polarization controller 1366 Is coupled to a polarizer 1366, which is in 
turn coupled to a first detector 1370. A second output port of the l^n coupler 1364 is coupled to a polarization 
controller 1372. The polarization controller 1372 is coupled to a polarizer 1374, which is coupled to a second 
detector 1376. Additional polarization controllers, polarizers and detectors (not shown) can be connected to 
additional ports (not shown) of the iKn coupler 1364. 

The folded Sagnac, sensor array 1300 of Figure 30 operates in the following manner. The polarized SFS 
1310 provides a polarized output signal which passes through the polarization controller 1312 via the fiber 1314. 
The polarization controller 131 2 is adjustable to vary the polarization to a desired state of polarization. For example, 
in Figure 30, the state of polarization is adjusted to provide linearly polarized light oriented at 45' with respect to ttie 
vertical and horizontal axes at the input to ttie polarization beam splitter 1332. The light remains in the fiber 1314 
and is provided as tiie Input to the coupler 1316, The coupler 1316 couples approximately 50 percent of ttie 
incoming light to the first output fiber 1318 and Is thus discarded at ttie non-reflective temninator 1320. Tlie coupler 
1316 couples approximately 50 percent of ttie incoming light to ttie common array input/output fiber 1334. 

The common array Input/output fiber 1334 guides ttie light to ttie polarization beam splitter 1330, which 
reflects horizontally polarized light to Uie second port 1336 and which passes vertically polarized light to ttw ttiird 
port 1340. The reflected horizontelly polarized light ftom flie second port 1336 passes through Uie first horizontel 
polarizer 1338 to tiie second array Input^output fiber 720 and propagates In a clockwise direction ttirough tiie array 
716. The clockwise propagating light exite the anay 716 via ttie depolarizer 1352 and the anay input^output fiber 
714. As discussed above, tiie depolarizer 1352 assures ttiat Oie exiting light is substantially equally disbibuted in 
ttie horizontel polarization mode and ttie vertical polarization mode after passing ttirough Uie sensors In ttie array 
716. The clockwise propagating light Oien passes ttirough ttie second horizontel polarizer 1350, which eliminates 
ttie portion of Uie light in ttie vertical polarization. The clockwise propagating Bght in tiie horizontel polarization ttien 
enters ttie fourth port 1348 of ttie polarization beam splitter 1330 and Is reflected to ttie ttiird port 1340 to propagate 
In ttie common delay fiber 1342, The returning clockwise light passes ttirough ttie delay loop 1344 to ttie Faraday 
rotating minor 1346 where It is reflected as vertically polarized light The vertically polarized light returns to tiie Uilrd 
port 1340 of ttie polarization beam splitter 1332 and is passed ttirough to flie first port 1330. 

As discussed above, ttie light which was originally Incident at ttie .first port 1330 of ttie polarization beam; 
splitter 1332 was oriented at approximately 45' to tiie horizontal and vertical polarizations. Thus, approximately 50 
percent of ttie llght corresponding to ttie vertically polarized component of flie light passed ttirough ttie polarization 
beam splitter 1332 to tiie ttiird port 1340 and ttius to ttie common detey fiber 1342. The vertically polarized light 
propagates ttirough ttie delay loop 1344 and is reflected by flie Faraday rotating mimjr 1346 as horizontally 
polarized light The reflected horizontelly polarized light passes ttirough flie delay loop 1344 and back to ttie ttiW 
port 1340 of ttie polarization beam splitter 1332. Because ttie light Is horizontally polarized, ttie flght Is reflected to 
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the fourth port 1348 of the i^lart: 




beam splitter 1332 and is thus 
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to propagate via the first anay 



input/output fiber 714, through the second horizontal polarizer 1350, through the depolarizer 1352 and into the array 
716 to propagate therein in a counterclockwise direction. The depolarizer 1352 assures that the counterclockwise 
propagafing light has components in all polarizations so that when the counterclockwise propagating fight emerges 
from the anay 71 6. there vrill be at least a portion of the light in the horizontal polarization. 

The counterclockwise propagating light emerges from the array 716 via the second array input/output fiber 
720, and the horizontally polarized component of the Dght passes through the first horizontal polarizer 1338, which 
eliminates the light at other polarization orientations. The horizontally polarized light resulting from the 
counterclockwise propagating portion of the light enters the second port 1336 of the polarizatton beam splitter 1332 
and is reflected to the first port 1330 of the polarization beam spfitter 1332 where it is combined writh the vertically 
polarized light which resulted from the clockwise propagating portion of the light 

The combined light propagates to the fourth port of the coupler 1316 where approximately 50 percent of the 
combined light is coupled to the second port of the coupler 1316 and thus to the detector subsystem 1360 via the 
fiber 1362. The 1xn coupler 1364 divides the light into N portions. For example, in Figure 30, N is equal to 2, and a 
first portion of the light is coupled to the polarization controller 1366 to propagate through the polarizer 1368 to the 
first detector 1370. and a second portion of the light is coupled to the polarization controller 1372 to propagate 
through the polarizer 1374 to the second detector 1376. The orientations of the polarization controllers 1366, 1372 
and the polarizers 1368, 1374 can be adjusted to bias the optteal signals incident on the first detector 1370 and the 
second detector 1376 at different phases. For example, the signal applied to the second detector 1376 can be 
biased to be in quadratore wdth the signal applied to the first detector 1370 so that when one signal has minimum 
sensitivity, the other signal has maximum sensitivity, and vice versa. 

As discussed above, each of the two signal portions travels the same distance through the array 716. 
through the common delay fiber 1342, and through the delay loop 1344. Thus, in the absence of perturt)ations 
caused by acoustic signals or other noise impinging on the sensors in the array 716, the two portions will be in 
phase and will constructively interfere to generate a combined optical signal having a linear polarization of 45»; 
however, the light has a state of polariation orthogonal to the original state of polarization. Thus, if the original state 
of polarization was 445'. then the state of polarization of the output light (again in the absence of a phase 
perturt)ation) is -45V , 

In the presence of an acqusticsignal, the clockwise propagating light a^ 
light experience a relative phase shift With Incieasing relathre phase shift the state of polarizatton of the two 
interfering beams changes ftom ^5" Hnear polarization to left-hand circular polarization to +45' polarization to right- 
hand circular polarizaUori and back to -45' polarization. The progresston through these four states- of polarization 
define a circle on the Poincarfe sphere. The state of polarization at the output of the poiarizafion beam splitter 1332 
concsponds to a point along this circle on the Poincar6 sphere whose locatiori on the circle is a function of the 
acoustically-induced non-reciprocal ph^ shift 
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After traveling from output of the polaiization beam splitter^32. through the common airay 
input/oul^ut fiber 1334, through the coupler 1316 and to the detector subsystem 1360, the state of polarization of the 
combined signal is altered arbitrarily by the unknown birefringence of the fiber 1334. The polarization controller 
1366 proximate to polarizer 1368 In front of the first detector 1370 and the polarization controller 1372 pro;dmate to 
the polarizer 1374 in front of the second detector 1376 are used to re^jrient the states of polarization to a respective 
selected state of polarization for each detector 1370, 1376. The polarization controlle;s 1366, 1372 are set. for 
example, when no acoustic signals are applied to the array 716. and thus no relative phase shift is introduced to the 
couhterpropagating optical signals. 

For example, to provide a bias point of ±90" for the first detector 1370, the polarization controller 1376 is 
set so that when the combined light at the output of the polarization beam spfitter 1332 has a left-hand circular state 
of polarization, the first detector 1370 detects either a maximum Intensity or a minimum intensity of the light For 
other states of polarization of the output nght. the first detector 1370 detects light having an intensity between the 
maximum intensity and the minimum intensity. 

As a further example, the second detector 1376 can advantageously be set to a different bias point, such 
as, for example, 0' and ISO*. For this bias point, the polarization controller 1372 Is set so tiiat when ttie light at the 
output of ttie polarization beam splitter 1332 has a -45' state of polarization, the second detector 1376 detects either 
a maximum Intensity or a minimum intensity of the light. For other states of polarization of the output light, the 
second detector 1376 detects light having an intensity between the maximum Intensity and the minimum Intensity. 

it should be understood that the light applied to the input of the polarization beam splitter 1332 can have a 
state of polarization other than ±45". For example. If the input Hght has an original left-hand circular state of 
polarization, the potarizafion controllers 1366, 1372 are set acoodlngly to provide the appropriate bias polnta to the 
first detector 1370 and the second.detector 1376. 

Figure 31 illustrates an altemative configuration of a folded Sagnac sensor array 1300", which is 
substantially similar to the folded Sagnac sensor anay 1300 of Figure 3D. In ttie folded Sagnac sensor anay 1300' 
of Figure 31, the depolarizer 1352 is tocated In the second array Input/output fiber 720 rather than in the first anay 
input/output fiber 714. Because of the reciprocal stnicture of the sensor array 716, the retocation of the depolarizer 
1352 tothe fiber720 does not change the overall operation of ttie folded Sagnac sensor array 1300' with respect to 
the operation of the folded Sagnac sensor anay 1300. The operation of the folded Sagnac sensor array 1300* is 
simllarto ttie operation of ttie folded Sagnac sensor array 1300 and will not be descriiied in detail herein. 

Figure 32 illustrates a further altemative embodiment of a folded Sagnac acoustic sensor anay 1400, which 
is similar to ttie folded Sagnac sensor array 1300 of Figure 30, and lilce eiements have been numbered accordingly. 
mike ttie folded Sagnac sensor array 1300, ttie folded Sagnac sensor anay 1400 replaces ttie 2*2 coupter 1316 
Witt) a potarization Independent optica) circulator 1410. The optical circulator performs a similar function as ttie 2x2 
coupler 1316; however, in the folded Sagnac sensor array 1300 approximately 50 percent of the input light is lost 
when ttie input light is split at ttie coupter 1316 and approximately 50 percent of ttie output ligfit is lost when it Is split 
at the coupler 1316. In ttie embodiment 1400, substantially all ttie Input Bght is passed from flie polarized SFS 1310 
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through the circulator 1410 to tnepoiaiization bem splitter 1332 and substanta'^all the output light is passed from 
the polarization beam splitter 1332 through the diculator 1410 to the detector subsystem 1360. 

Rgure 33 illustrates an alternative configur^on of a folded Sagnac sensor array 1400', which is 
substantially similar to the folded Sagnac sensor array 1400 of Rgure 32. In the folded Sagnac sensor anay 1400' 
of Rgure 33, the depolarizer 1352 Is located in the second airay input/output fiber 720 rather than In the first array 
input/output fiber 714. Because of the reciprocal stnjcture of the sensor anay 716, the relocation of the depolarizer 
1352 to the fiber 720 does not change the overall operation of the embodiment 1400' with respect to the operation of 
the folded Sagnac sensor array 1400. Thus, the operation of the folded Sagnac sensor array 1400' will not be 
described in detail hereia 

Rgure 34 iilusirates a further alternative embodiment of a folded Sagnac sensor anay 1600 in accordance 
with the present invention, which includes a combined input/output subsystem 1610 which is coupled to the array 
716 In a manner similar to the manner described above In connection with Rgures 30-33. 

In Rgure 34, a polarized source 1620 provides linearly polarized input light along an axis of a polarization 
maintaining fiber 1622. The polarization maintaining fiber 1622 is rotated such that the polarization axis is oriented 
at ±45" with respect to the vertical polarization axis of the input output system 1610. The light from the fiber 1622 Is 
coupled to the input/output subsystem 1610 via a first coliimating lens 1630. The first collimating lens 1630 directe 
Uie light toward a first port 1634of a first polarization beam splitter (PBS) 1632, which also has asecond port 1636. 
a third port 1638 and a fourth port 1640. The second port 1636 directs a portion of the input light toward a first 45* 
Faraday rotator (45' FR) 1642. The thin) port 1638 directs a portion of the input light towaid a second 45* Faraday 
rotator 1644. As will be described below, the fourth port 1640 directe a selected portion of output light to a detection 
subsystem 1650. 

The light passing through the first Faraday rotator 1642 is collimated by a second collimating lens 1660 and 
is coupled into the anay input/output fiber 720 and thus propagates to the sensor portion of the array 716 to 
propagate In a clocicwse direction therein. 

The light passing through tti.e second Faraday rotetor 1644 passes through a half-wave (W2) plate 1662.^ 
The half-wave plate 1662 has first and second birefringent ax« (not shown). One of the birefnngen^^ Is 
oriented at an angle of 22.5' with respect to the vertical polarization axis of the incoming light and at -22.5' witii 
respect to the 45* polarization of the light traveling toward It frorh ttie source ttte axis lies between vertical and 
ttie pdariaflon of the llghi). The purpose of this orientation will be described below. The light passing through the 
half^wave plate 1662 enters a first port 1672 of a second polarization beam splitter I670. which also has a second 
port 1674, a third port 1676 and a fourth port 1678. As discussed below, the second port 1674 Is not coupled to 
additional elemente. Ught output from ttie third port 1676 is directed toward a third collimating lens 1680. Ught 
output from the from the fourth port 1678 Is directed toward a fourth collimating lens 1682. 

The light passing through the fourth collimating lens 1582 is coupled into the first anay input/output fiber 
714 and passes ttirough ttie depolarizer 1352 Into the sensor portion of the array 718 to propagate in a 
counterclockwise direction therein. 
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The light passing throng the thiid collimating lens 1680 is fbeused oiMb end of the common delay fiber 
1342, propagates through the delay loop 1344 to the Faraday rotating mirror 1346, back through the delay loop 1344 
and back to the collimating lens 1680. The reflected light is thus directed back into the third port 1676 of the second 
polarization beam splitter 1670. 

As discussed above, the light fiom the fourth port 1640 of the first polarization beam splitter 1 632 enters the 
detection subsystem 1650. The detection subsystem 1650 comprises a first beam splitter 1690. a second beam 
splitter 1692, a first birefringent element 1694, a second bireftlngent element 1696, a first detector 1698, a second 
detector 1700, a first polarizer 1702, and a second polarizer 1704. A first percentage of the light (Tom the fourth port 
1640 is reflected by the first beam splitter 1690 and passes through ttie first birefringent element 1694 and the first 
polarizer 1702 to the first detector 1698. The remaining portion of the light from the fourth port 1640 passes through 
the first beam splitter 1690 and is incident on the second beam splitter 1692 where a second percentage of the light 
is reflected by the second beam spFitter 1692 to pass through the second birefringent element 1696 and the second 
polarizer 1704 to the second detector 1700. The remaining portion of the light passes through the second beam 
splitter 1692 to additional elements (not shown). If only two detectors are provided, ttie first perceritage of coupling 
is advantageously 50 percent and the second percentage is advantageously 100 percent so that both detectors 
1698, 1700 receive appnoximately the same amount of light If a third detector (not shown) is included, then the first 
percentage Is advantageously about 330 percent, and the second percentage is advantageously about 50 percent so 
that the second detector 1700 detector also receives approximately 330 percent of the original light. The third 
detector would then receive the remaining 330 percent 

The folded Sagnac sensor array 1600 of Figure 34 operates in the foDowing manner. As discussed above, 
the light incident on the first lens 1630 is oriented at 45" to ttie vertical and horizontal polarization axes. Thus, the 
light passing through the lens 1630 and entering the first port 1634 of the first polarization beam splitter 1632 has a 
component in the horizontal state of polarization and a component In ttie vertical state of polarization. The horizontal 
component is reflected by ttie polarization beam splitter 1632 to flie second port 1636, and the vertical component is 
passed ttmiughttie polarization bearn splitter 1632 to ttie third 

: The horizontal component from ttie second port 1636 passes tiirough ttie first Faraday rotator 1642, and 
the state of polarization is rotated by 45" in a first direction (e.g., clockwise) so ttiat ttie light emerging from Uie first 
Faraday rotator 1642 and incident on ttie second lens 1660 has a linear state of polarization at 45". The light 
passes through ttie second lens 1660 and enters ttie second array input/output fiber 720 to propagate in the 
clockwise directiori through the array 716. The light may encounter changes In polarization within the array 716. 
Thus, as described above, Oie light exiting tfie array 716 via ttte first array input/output fiber 714 passes tiirough ttie 
depolarizer 1352, which assures ttiat at least a portion of ttie Bght Is in ttie horizontal and vertical states of 
polarization. 

The clockwise propagating light from ttie first array Input/output fiber 714 enters ttie input/output subsystem 
1610 via Oie fourth lens 1682 and is incident on ttie second polarization beam splitter 1670. The vertical component 
of Oie light passes ttirough ttie second polarization beam splitter 1670 is output from ttie second port 1674 and Is 
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discarded. The horizontally pSarized component of the light is reflected toW third port 1676 of the second 
polarization beam splitter 1670 and passes through the tturd lens 1680 to the common delay fiber 1342 to cause the 
light to propagate through the delay loop 1344, be reflected by the Faraday rotating minor 1346 in the vertical state 
of polarization, pass back through the delay loop 1344 and the common delay fiber 1342 to the third lens 1680. The 

5 reflected light in the vertical state of polarization pass^ from the third port 1676 to the first port 1672 of the second 
polarization beam splitter 1670, passes through the half-wave plate 1662 to the second Faraday rotator 1644 to the 
third port 163B of the first polarization beam splitter 1632. Because the half^ave plate 1662 is oriented with one of 
its birefringent axes at 22.5° vWth respect to the vertical polarization axis, the vertical light incident on the half-wave 
plate 1662 Is caused to be minored about the birefringent axis so that the state of polarization of the light emeiging 

10 from the halMvava plate 1662 is oriented at 45* with respect to veitical and horizontal axes. The second Faraday 
rotator 1644 rotates the state of polarization by a further 45' to cause the light emerging from the second Faraday 
rotator 1644 and Incident on the third port 1638 of the first polarization beam splitter 1632 to have a horizontal state 
of polarization. Thus, the light entering the third port 1638 is reflected to the fourth port 1640 and enters the 
detection subsystem 1650 In the horizontal state of polarization. 

15 As set forth above, the vertical component of the input light Incident on the first port 1634 of the first 

polarization beam splitter 1 632 passes through to the third port 1 638. The state of polarization, of the light, is rotated 
by 45' by the second Faraday rotator 1644 to a 45" state of polarization with respect to the vertical and horizontal 
polarization axes. The state of polarization of the light is then minored about the birefringent axis of the half-wave 
plate 1662 so that the state of polarization of the light emerging from the half-wave plate is again oriented In the 

20 vertical direction. It will be understood by one skilled In the art that the non-reclprdcai action of the second Faraday 
rotator 1644 causes the vertically polarized Dght that passes from left to right through the second Faraday rotator 
1644 and then through the half-wave plate 1646 to first t>e rotated to a 45" state of polarization and then to be 
minored back to a vertical state of polarization. In contrast, the vertically polarized light that passes from right to left . 
is first rhinored by the half-wave plate 1646 to a 45' state of polarization and is then rotated by the second Faraday 

25 rotator 1644 to a horizontal state of polarization. 

The vertically polarized light from the half-wave plate 1662 enters ttie first port 1672 of the second 
polarization beam splitter 1670 and passes through to the third port 1676 to the third lens 1680. The vertically 
polarized light passes through the common delay fiber 1342, through the delay loop 1344, to the Faraday rotating 
mirror 1346, and is reflected back through the delay loop 1344 and the common delay fiber 1342 as horizontally 

30 polarized light The horizontally polarized light passes through the third lens 1680 to the third port 1676 of the 
polarization beam splitter 1670. The horizontally polarized light is reflected to the fourth port 1678 and passes 
through the fourth lens to 1682 to the first array Input/output fiber 714 and through the depolarizer 1352 to propagate 
In a counterclockvirise direction through the anay 716. 

The counterclockwise propagating light emerges from the array 716 via the second anay input/output fiber 

35 720 and passes ttirough the second lens 1660 to ttie first Faraday rotator 1642. The first Faraday rotator 1642 
rotates state of polarization of ttie light by 45'. Since the light was effectively depolarized by 0ie depolarizer 1352, 
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the light that passes through the first Faraday rotator 1642 to the second porM!4 of the first polarization beam 
spRtter 1632 includes fight that has horizontally and vertically polarized components. The horizontally polarized 
components of the light are reflected to the first port 1 634 and are output through the first lens 1630 to the input fiber 
1 622. An isolator (not shown) is advantageously included to absorb the light 

The vertically polarized components of the counterclockwise propagating light entering the second port 
1636 of the first polarization beam splitter 1632 pass to the fourth port 1640 and are combined with the horizontally 
polarized components of the clockwise propagating light As discussed above in connection with Rgure 30, if the 
counterprapagating light experiences no relative phase shift, the light is combined as lineariy polarized light at a 45' 
state of polarization. A relative phase shift causes the state of polarization to vary, as further discussed above. 

The birefringent elements 1694, 1696 are included to selectiveiy bias the light incident on the detectors 
1698, 1900 by Introducing a relative phase shift for the fight In the two different polarizations (e.g.. the horizontal and 
vertical polarizations, the +45' and -45' polarizations, or the ieft4iand circular and right-hand circular polarizations). 
The birefringent elements may advantageously comprise Pnear or circular waveplates (e.g., quarter-wave plates, 
half-wave plates, Faraday rotators, or the like). 

Figure 35 Illustrates an embodiment of a fblded Sagnac acoustic sensor array 1750 similar to the folded 
Sagnac acoustic sensor array 1600 of Figure 34. and like elements are Identified witii the same numbers as In 
Figure 34. Unlike the embodiment of Rgure 34,. the fblded Sagnac acoustic sensor anay 1750 includes an 
unpolarized light source 1720 Instead of the polarized light source 1620. In order to utilize the unpolarteed light 
source 1720. the folded Sagnac acoustic sensor array 1750 includes a 45' polarizer 1730 between the firet 
collimating lens 1630 and the first polarization beam spfitter 1632. The A5' polarizer 1730 causes the light incWent 
on ttie first port 1634 of the first polarization beam spHtter 1632 to.be oriented at 45' and.to thus have substantially 
equal components in the horizontal and vertical polarizations. Thus, the fblded Sagnac acoustic sensor array 1750 
of Flgine 35 operates in substantially the same rhanner as the folded Sagnac acoustic sensorarray 1600 of Rgure 
34, and the operatiori of the fblded Sagnac acoustic sensor array 1750 will not be described in further detail. 

Rgure 36 ijlustrates a further embodiment of a folded Sagnac acoustic sensor array 1800 similar to ttie 
fijkfed Sagnac acoustic sensor anays 1600 and 1750 of Figures 34 and 35. respectively, and like elements are 
Identified witti Oie same numbers as In Rgurcs 34 and 35. Unlike ttie embodiments of Figures 34 and 35. ttie folded 
Sagnac acoustic sensor anay 1800, ttie light signals passing ttirough ttie polarizers 1702 and 1704 are not directed 
to tiie detectors 1698 and 1700. Rattier, ttie folded Sagnac acoustic sensor array 1800 includes a collimating lens 
1810 positioned proximate to ttie polarizer 1702 and a collimating lens 1812 positioned proximate to ttte polarizer 
1704. The collimating lens 1810 directs ttie light from ttie polarizer 1702 Into a first end 1822 of a fiber 1820. The 
fiber 1 820 has a second end 1824 proximate to ttie first detector 1698 such ttiat ttie light entering ttie fiber 1820 from 
ttie collimating lens 1810 Is Incident on ttie first detector 1698. Similarty, tiie collimabng lens 1812 directs ttie light 
ftom tiie polarizer 1702 Into a first end 1832 of a fiber 1830. Tlie fiber 1830 has a second end 1834 proximate to ttie 
second detector 1700 such ttiat ttie light entering ttie fiber 1830 ftom ttie collimating lens 1812 is incident on ttie 
second detector 1700. By Including flie coinmating lenses 1810 and 1812 and ttie fibers 1820 and 1830. ttie fibers 
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are able to transport the light for a distance to the detectors 1698 and 1700 sonVthe detectors may be located in 
renrote locations proidmate to the detection electronics (not shown). 

Note that In Figures 34. 35 and 36, the depolarizer 1352 can be relocated from the first array input/output 
fiber 714 to the second array Input/output fiber 720 wittiout ^gnlficantly affecOng the operating charactBristics of the 
folded Sagnac acoustic sensor array 1600, the folded Sagnac acoustic sensor array 1750 or the folded Sagnac 
sensor array 1800. 

Note further that the foregoing embodiments have been described in connection with superfluorescent light 
sources. One skilled in the art will appreciate that other light sources (e.g.. laser sources) may also be 
advantageously used. 

Although the foregoing description of the array in accordance with the present invention has addressed 
undenivater acoustic sensing, it should be understood that the present invention can be used to sense any 
measurand which can be made to produce non-reciprocal phase modulations In a fiber. If. fbr example, the 
hydrophones were replaced with an altemative sensing device virtilch responds to a different measurand, the array 
would detect that measurand In the same manner as acoustic waves are detected. The anay of the present 
invention can be advantageously used to sense vibrations, Intnislons, Impacts, chemicals, temperature, liquid levels 
and strain. The array of the present invention may also be used to combine a number of different sensors located at 
either the same place or located in different places (e.g., for the detection of various faults at various points along 
the hull of a ship or a building). Other exemplary applications Include the detection and tracking of moving 
automobiles on highways or airplanes on airstrips Ibr traffic monitoring and control. 

Although described above In ponneclion with particular embodiments of the present invenfion, It should be 
understood the descripttons of the embodiments are illuslrative of the invention and ara not intended to be llrtilting. 
Various modifications and applteations may occur io those skDIed In the art without departng from the tme spirit and 
scope of the invention as defined in the appended claims. 
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WHAT IS CLAIMED IS : " 

1 1. An acoustic sensor comprising: 

2 a source of light pulses; 

3 a first coupler which couples said light pulses to a first optical path having a first optical length and 

4 to an array of sensors, said array of sensors comprising at least a first sensor, ssdjd first sensor being In a 

5 second optical path having a second optica! length diflerent from said first optical length; 

6 ' an optical delay path; 

7 a polarization dependent second coupler, which couples light pulses received from said first 

8 optical path In a first polarization to said optical delay path and which couples light pulses received from 
8 said array in a second polarization to said optical delay path, said light pulses coupled to said optical delay 

10 path in said first polarization returning from said optica! delay path to said second coupler in said second 

11 polarization, said light pulses coupled to said optical delay path in said second polarization returning from 

12 said optical delay path to said second coupler in said first polarization, said second coupler coupling said 

13 light pulses retuming to said second coupler from said optical delay path in said first polarization to s^d firet 
.14 optical patti to propagate tiiereln to said first coupler, said second coupler coupling light pulses retuming to 

15 said second coupler frorh said optical delay patti in said second polarization to said anay to propagate 

16 ttierein to said first coupler, said first coupler combining said light pulses from said first optical patti and said 

17 tight pulses firom said array to cause light pulses traveling equal distances ttirough said first optical patti 
IS and said array to interfere and to generate a detectable output signal, said detectable output signal varying 
19 in response to acoustic energy Impinging on said first Sanson and 

2" at least one detector which detects said detectebte output signals to generate a detector output 

21 signal respoiisive to variations in said detectabte output signal from sani first coupler. 

2. The acoustic sensor as defined in Claim 1, fuilher including a second sensor in said array, said 
second sensor being in a ttiird optical patti having a ttiird optica] tengtti different firom said first optical lengfli and 
said second optical lengtti. 

3. The acoustic sensor as defined In Claim 1, wherein said polarization dependent second coupler 
comprises a polarization beam splitter. 

4. Tbe acoustic sensor as defined in Claim 1. wherein: 

said optical delay patti comprises a lengtti of optical waveguide and a polarization rotating 
r reflector, ... 

said reflector causes light Incident on ttie reftector in said first polarization to be reflected as light In 
said second polarization; and 

said reflector causes light incident on ttie reflector in said second polarization to be reflected as 
light in said first polarization. 
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5. The acoustic sena)r as defined In Cl^m 4, wtierein sad polaiflRn rotating reflector comprises a 
Faraday rotating minor. 

6. Tlie acoustic sensor ds defined In Claim 1 . wherein said first optical patii Includes a norneciprocal 
pliase shifter which causes light propagating through said first optical path in a first direction and light propagating 
through said first optical path in a second direction to experience a relative phase shift such that light combined in 
said first coupler has a phase bias. 

7. The acoustic sensor as defined in Claim 6, further comprising a third optical path In parallel with 
said first optical path, one of said first optical path and said third optical path Including an optical delay to cause said 
first optical path to have an optical path length different fiom an optical path length of said third optical path, such 
that light propagating through said first optical path has a propagation time different from a propagation time of light 
propagating through said second optical path to thereby time multiplex said light pulses. 

8. The acoustic sensor as defined In Claim 6. virtierein said nonrreciprocal phase shifter compri^^^ 
first Faraday rotator, a quarter-wave plate and a second Faraday rotator, said first Faraday rotator, said quarter- 
wave. plate and said second Faraday rotator positioned such tiiat light propagating In said first direction passes 
through said first Faraday rotator, then through said quarter-wave plate, and then through said second Faraday 
rotator, and such that light propagating in said second direction passes through said second Faraday rotator, then 
through said quarter-wave plate, and then through said first Faraday rotator. 

9. The acoustic sensor as defined In Claim 6. wherein said norHeclprocal phase shifter comprises a 
first quaiter-wave plate, a Faraday rotator, and a second quarter-wave plate, said first quarter-wave plate, said 
Faraday rotator, and said second quarter-wave plate positioned such that light propagating In said first direction 
passes through said first quarter-wave plate, then through said Faraday rotator, and then through said second 
quarter-wave plate, and such that light propagating in said second direction passes through said second quarter- 
wave plate, then through said Faraday rotator, and then through said first quarter-wave plate. 

10. An acoustte sensor comprising: ' 
a source of Input light pulses; 

an anay of optical sensors; 

an optical delay path; 

an optical detector system; and 

an Input/output system that receives the input light pulses, the input/output system directing a first 
portion of each light pulse having a first polarization through the array of optical sensors In a first direction, 
then through the optical delay path, and tiien to the optical detector system, ttie Input/output system 
directing a second portion of each light pulse In a second polarization orthogonal to tiie first polarization 
through the optical delay path, then through the optical sensor anay in a second direction, and then to the 
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Optical detector system, ttie optical detector system receiving the ipr pulses In the first and second 
polarizations and detecting changes in the light pulses caused by perturbations in the optical sensors. 

11. A method of detecting acoustic signals, comprislr^; 
generating an input light signal; 

coupling said input light signal to at least first and second propagation paths to propagate in 
respective first directions therein, said first and second propagation paths having respective lirst and 
second optical lengths, said first and second propagation paths outputting respective first and second 
output light portions, said first and second output lighf portions being output from said first and second 
propagation paths at differing times in accordance with differences in said first and second optical patt) 
lengths, said second output light portion bdng modulated by an acoustic signal impinging on said second 
propagation path^ 

coupling said first light portion to a delay patii in a first polarization and coupling said second light 
portion to said delay path in a second polajization, said delay path outputting a first delayed light portion 
coni^ponding to said first output light portion, said first delayed light portion having said second 
polarization, said delay paUi outputting a second delayed light portion conesponding to said second output 
. light portion, said second delayed Tight portion having said first polarization; 

coupling said first and second delayed light portions to said first and second propagation paths to 
propagate therein In respective second directions opposite said respective first directions, said first 
propagation paUi outputting a first set of return light portions, said first set of return light portions comprising 
a. respective return light portion for each of said first and second delayed light portions, said second 
propagation patii outputting a second set of return light portions, said second set of return light portions 
comprising a respective return light portion for each of said first and second delayed light portions; 

coupling said first and second sets of return light portions to at least one detector, said return light 
portions In said first and second sets of retom light portions resulting from output light portions and delayed 
light portions which travel identical optical patii lengtiis interiering to generate detectebie output signals; 
and . 

selectively detecting said detectebie output signals to detect only output signals resulting ftom 
Interference of light portions which propagated in said first propagation path In eiUier said first direction or 
said second direction, said detectable output signals varying in response to ttie acoustic signal Impinging 
on said second propagation path. 

12. A sensor comprising: 
a source of light; 

a first coupler which couples light to a common path and to a sensing array to propagate 
in respective first directfons therein, said sensing array comprising a plurality of sensing paths; 
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a polarization dependent second coupler wtiich couples np from said common path and 
from said sensing array to a delay path, said second coupler coupling only light in a fiist 
polarization from said common path to said delay path, said second coupler coupling only light in a 
second polarization from said sensing array to said delay path, said delay path rotating light in said 
first polarization to said second polarization and rotating light in said second polarization to said 
first polarization, said second coupler further coupling light from said delay path in said first 
polarization to said common path and coupling light from said delay path in said second 
polarization to said sensing array to propagate in respective second directions therein to said first 
coupler, said first coupler providing output light responsive to said light propagating in said 
respective second directions; and 

a detector which receives said output light from said first coupler and generating an output signal 
responsive to Interference of light In said first coupler. 

1 3. The sensor as defined in Claim 12, wherein said delay path comprises a length of optical fil)er and 
a polarization rotating rsflector, said length of optical fiber selected to provide an optical delay time, said light 
propagating through said optical fiber from said second coupler to said reflector, said reflector reflecting fight into 
said optical fiber to propagate through said optical fiber to said second coupler, said reflector further rotaOng light 
incident in said first polarization to said second polarization and rotating fight Incident in said second polarization to 
said first polarization. 

14. The sensor as defined in Claim 13, wherein said reflector comprises a Faraday rotating minor. 

15. The sensor, as defined in Claim 13, wherein said polarization dependent second coupler 
comprises a polarization beam spfitter. and wherein said delay path receives said light ftom a port of said 
polarization beam splitter and returns light to said port of said polarization beam splitter. 
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